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Résumé

Introduction

Cette thèse porte sur la conception, la fabrication et la caractérisation d'un haut-parleur MEMS (Système

Micro Électro-Mécanique). Dans le premier chapitre, l'état de l'art est passé en revue, et les spéci�cations

permettant de se positionner avantageusement en terme de performances sont dé�nies. Dans le deuxième

chapitre le modèle utilisé pour la conception préliminaire du haut-parleur est décrit, et ce même modèle

est ensuite utilisé pour dé�nir les paramètres non dimensionnels du haut-parleur. De ces paramètres, la

consommation prédite du haut-parleur est calculée, ce qui permet de concevoir l'ampli�cateur nécessaire

à son bon fonctionnement. Dans le troisième chapitre, la conception avancée du haut-parleur, utilisant

un modèle en éléments �nis ainsi qu'un modèle en espace-état non linéaire est décrite. Dans le quatrième

et dernier chapitre, le procédé de fabrication utilisé pour la fabrication du haut-parleur est décrit étape

par étape et la caractérisation de ces haut-parleurs est présentée.

État de l'art et spéci�cations

Un haut-parleur est un transducteur électro-acoustique reproduisant un signal acoustique dans la bande

de fréquences audibles. Dans le cas d'un haut-parleur large bande, celui-ci doit reproduire les signaux

avec une amplitude égale, de 20 Hz à 20 kHz. Cette large bande de fréquences est généralement reproduite

à l'aide de plusieurs haut-parleurs di�érents, dont les signaux d'entrée sont préalablement �ltrés. Dans

un souci de miniaturisation, les appareils portables ne disposent en général que d'un seul haut-parleur,

et leur bande passante est donc réduite. A cela s'ajoute le fait qu'un haut-parleur en champ libre

ne rayonne e�cacement qu'à partir de sa fréquence de résonance. Les dimensions étant réduites la

fréquence de résonance augmente mécaniquement, ce qui réduit davantage la bande passante du haut-

parleur. La réduction des dimensions du haut-parleur est donc peu compatible avec la reproduction des

basses fréquences et avec de hauts niveaux de pression acoustique. De plus, les haut-parleurs sont un

des seuls composants des appareils multimédias portables à ne pas avoir été adapté aux procédés de

micro-fabrication. Cette adaptation permettrait d'en réduire l'épaisseur, de faciliter leur intégration et,

à terme, de réduire les coûts de fabrication. Pour se rendre compte de la réponse en fréquences des

haut-parleurs intégrés dans les smartphones, la réponse moyennée de plusieurs haut-parleurs récents du

commerce est représentée sur la Figure 1. La réponse de ces haut-parleurs est mesurée sur un ba�e,

en conditions anéchoïques avec une cavité arrière de 1 cm3. De cette �gure, la réponse typique de tels

haut-parleurs est identi�ée comme étant celle d'un système dont l'amortissement est légèrement inférieur
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à un amortissement critique, avec une fréquence de résonance d'environ 1 kHz avec une cavité à l'arrière,

et un niveau de pression acoustique légèrement supérieur à 90 dBSPL.

(a) (b)

Figure 1: Réponses en fréquence moyennées de douze haut-parleurs du commerce ainsi que l'écart type

(a) et photo d'un haut-parleur typique mesurant 11× 15× 3.5 mm3 tiré de [1] (b)

Depuis un certain nombre d'années, entraînés par le développement d'appareils portables de plus en plus

�ns, les chercheurs tentent de rendre le haut-parleur compatible avec les techniques de micro-fabrication

dans le but de réduire leur épaisseur, leur consommation et de les intégrer plus facilement. Malgré de

multiples architectures, types de transduction et matériaux, les haut-parleurs micro-fabriqués ne permet-

tent pas de remplacer avantageusement les haut-parleurs non MEMS à ce jour. Sur la Figure 2, dix-neuf

haut-parleurs MEMS récents sont comparés. La comparaison porte sur la pression rayonnée par ces

haut-parleurs à 1 kHz et à 10 cm, en fonction de leur surface active.

Figure 2: Pression acoustique à 10 cm et à 1 kHz des haut-parleurs MEMS des publications récentes en

fonction de leur surface active

D'après les performances des haut-parleurs MEMS récents, les performances cibles sont �xées comme

étant une pression minimale rayonnée de 80 dBSPL à 1 kHz ou en dessous, pour une surface active inférieure

ou égale à 100 mm2. Après quelques simulations préliminaires et après une inspection des publications,

la méthode choisie pour atteindre ces performances est basée sur un haut-parleur ayant des actionneurs
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�exibles piézoélectriques à base de titano-zirconates de plomb (PZT). Le haut-parleur est un haut-parleur

linéaire (opposé à un haut-parleur digital ou à d'autres techniques de reproduction non linéaires), et

l'application visée est celle des haut-parleurs rayonnant en champ libre.

Modélisation en petits signaux et design préliminaire

Le fonctionnement complet du haut-parleur est d'abord décrit pour permettre la compréhension du

modèle en constantes localisées présenté ensuite. Le haut-parleur est composé de deux wafers, l'un d'eux

comprenant les actionneurs �exibles piézoélectriques et le second comprenant une plaque rigidi�ée pouvant

se déplacer librement le long de l'axe z. Sur la Figure 3(a), le haut-parleur complet est représenté. Sur

cette �gure, on voit le quadrillage des raidisseurs de la plaque mobile, et les deux encoches permettant

de voir les contacts électriques nécessaires à l'actionnement du haut-parleur.

(a) (b)

Figure 3: Vue 3D (a) et vue 3D en coupe (b) du haut-parleur dans Solidworks®

Sur la Figure 3(b), la vue en coupe laisse apparaître en violet les actionneurs piézoélectriques et la demi

coupe, représentée schématiquement sur la Figure 4 est surlignée en bleu. Le cadre central, attaché par

ses extrémités sur le cadre extérieur se trouve au milieu du haut-parleur et est visible sur la vue en

coupe. Sur la Figure 4, les actionneurs de longueur L sont couverts sur la moitié de leur longueur par un

matériau piézoélectrique, entre deux électrodes de platine. Grâce à la symétrie du dispositif en x = 0,

l'extrémité de l'actionneur est guidée et est solidement �xée sur la plaque mobile qui ne peut se déplacer

que le long de l'axe z. Sous l'e�et du champ électrique créé par la di�érence de potentiel entre l'électrode

supérieure et l'électrode inférieure (respectivement en dessous et au dessus de la couche piézoélectrique),

une contrainte longitudinale apparaît le long de l'axe x. La couche piézoélectrique d'épaisseur tp étant

solidement attachée à une couche �exible de silicium d'épaisseur tm, celle-ci se déforme et adopte une

déformation encastrée-guidée, du fait de ses conditions aux limites. La force Fbl est la force générée par

l'actionneur piézoélectrique �exible lorsque l'extrémité de celui-ci est bloquée. Le déplacement δ0 est le

déplacement statique maximum de la plaque lorsque aucune force n'est appliquée sur la plaque.
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Figure 4: Vue en demi-coupe du principe de fonctionnement du haut-parleur avec les dimensions impor-

tantes qui le régissent

Le haut-parleur pouvant être assimilé à un résonateur du premier ordre, il est modélisé par un cir-

cuit électrique équivalent, qui est principalement composé d'une capacité Cms représentant sa souplesse

apparente et d'une inductance Mms représentant la masse mobile de son circuit mécanique. A ce cir-

cuit mécanique viennent s'ajouter en amont un transformateur représentant le matériau piézoélectrique

(agissant comme transducteur électro-mécanique) et en aval un transformateur représentant la plaque

mobile agissant comme un transducteur mécano-acoustique. Le transducteur électro-mécanique est com-

posé d'une résistance Rg, représentant les pertes électriques dans les conducteurs acheminant le courant

jusqu'au matériau piézoélectrique, d'une capacité Cp représentant l'e�et capacitif dû au matériau isolant

piézoélectrique entre les deux électrodes et un transformateur de ratio γ représentant le facteur de trans-

duction de la tension vers la force. Pour le transducteur mécano-acoustique, le facteur de transduction

est égal à la surface mobile Sd du haut-parleur. Tous les paramètres sont déterminés par des calculs

analytiques ou directement sur la base des dessins assistés par ordinateurs lorsqu'il s'agit de surfaces et

de volumes. Le circuit complet est représenté sur la Figure 5.

iin
Rg

Cp

1:γ v

uin Fin

Rms Mms
Cms

Sd:1

Zr

Q

Figure 5: Schéma électrique équivalent du haut-parleur

De ce circuit équivalent, la réponse en fréquence du haut-parleur peut s'écrire comme étant

p(r, ω) = −jρ0c0Sd
Fin

Rms + jωMms + 1
jωCms

+ ZrS2
d

ejk0r

2πr
(1)

avec p(r, ω) la pression évaluée à une distance r du centre de la plaque, ρ0 la densité de l'air à température

ambiante, c0 la célérité des ondes acoustiques dans un �uide de densité ρ0 à température ambiante, Sd
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la surface de la partie mobile du haut-parleur, Fin la force d'entrée du circuit mécanique, égale à la

force bloquée Fbl générée par les actionneurs et k0 le vecteur d'onde. Dans cette équation, la souplesse

apparente Cms est déterminée via un modèle des actionneurs et dépend principalement de leur longueur L

et de leur épaisseur tm. Les parties supérieure et inférieure du haut-parleur étant de taille identique pour

pouvoir être assemblées, la longueur L est liée à la surface de la plaque mobile Sd. De cette équation,

la réponse en fréquence est calculée pour plusieurs valeurs de surface Sd et pour plusieurs valeurs de

l'épaisseur de la partie élastique des actionneurs tm.

(a) (b)

Figure 6: Fréquence de résonance du haut-parleur en fonction de l'épaisseur de la couche élastique tm et

en fonction de la surface active Sd (a) et pression acoustique générée par le haut-parleur en

fonction des mêmes paramètres (b)

D'après ces deux �gures, une épaisseur tm de 12 µm et une surface active de 36 mm2 sont choisies pour la

version principale du haut-parleur. Elles correspondent à une pression dans la bande passante d'environ

78 dBSPL, avec une fréquence de résonance d'environ 1 kHz. Le facteur de qualité Qms dépend ensuite de

la dissipation dans le circuit mécanique Rms. La réponse en fréquences du haut-parleur, calculée pour

trois valeurs du facteur de qualité Qms arbitrairement choisies (0.1, 1 et 10), est représentée sur la Figure

7(a). La pression acoustique étant proportionnelle à l'accélération de la partie mobile du haut-parleur,

elle est similaire à celle d'un �ltre passe-haut, dont la fréquence de coupure correspond à la fréquence de

résonance fs. La valeur du facteur de qualité a�ecte largement la réponse en fréquence du haut-parleur

et ne peut pas être déterminée simplement en utilisant les modèles analytiques. Les dissipations semblent

cependant limitées, et un facteur de qualité supérieur à dix est attendu. A partir du circuit électrique

équivalent, l'impédance électrique du haut-parleur peut être calculée également. L'impédance électrique

est représentée sur la Figure 7(b). Elle est principalement complexe et correspond majoritairement à

l'impédance d'un condensateur, hormis le pic dû à la résonance mécanique, aux alentours de 1 kHz. Pour

une tension d'actionnement uin = 30 V, la puissance nécessaire au fonctionnement du haut-parleur peut

donc être estimée à environ 1.8 W à 20 kHz. Fort de ce constat, un ampli�cateur est conçu pour permettre

d'actionner le haut-parleur.
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(a) (b)

Figure 7: Réponses en fréquences du haut-parleur pour di�érentes valeurs arbitraires de facteur de qualité

Qms (a) et impédance électrique du haut-parleur pour un facteur de qualité Qms = 10 (b)

Modélisation et design avancé

A partir des dimensions dé�nies dans le chapitre précédent, un modèle en éléments �nis du haut-parleur est

construit dans COMSOL®. Il est composé de quatre physiques et de quatre couplages multi-physiques.

La première physique permet la simulation de l'élément piézoélectrique et utilise un couplage électro-

mécanique pour interagir avec la partie mécanique. La partie mécanique interagit avec l'acoustique

via un couplage mécano-acoustique. Dans l'interstice autour de la plaque mobile du haut-parleur une

physique acoustique thermo-visqueuse est utilisée et est couplée au domaine acoustique et au domaine

mécanique via deux autres couplages. Sur la Figure 8(a), le modèle électro-mécanique du haut-parleur

tel qu'il est construit dans COMSOL® est représenté. En violet, les actionneurs piézoélectriques sont à

la fois dans la physique mécanique et dans la physique électrique. Les électrodes ne sont pas simulées,

car leur épaisseur est trop faible pour in�uencer signi�cativement la raideur apparente du haut-parleur.

(a) (b)

Figure 8: Haut-parleur en vue 3D (a) et modèle complet comprenant la partie acoustique (b) dans

COMSOL®

Le haut-parleur est disposé dans un domaine acoustique hémisphérique, dont les surfaces extérieures sont

considérées rigides dans la physique acoustique. Une couche absorbante parfaitement adaptée (PML) est

ensuite ajoutée entre la surface hémisphérique rigide et le domaine acoustique. Elle permet de simuler
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une condition de Sommerfeld. La partie circulaire simule un ba�e plan in�ni. La partie arrière du haut-

parleur n'est pas couplée au domaine acoustique. En disposant un point dans le domaine acoustique à une

distance de 10 mm, la pression acoustique en dBSPL peut être évaluée en fonction de la fréquence. Cette

pression est ensuite comparée avec celle calculée par le modèle en constantes localisées. La comparaison

des deux courbes est présentée sur la Figure 9(a).

(a) (b)

Figure 9: Comparaison entre la pression acoustique calculée à l'aide du modèle en constantes localisées

et avec le modèle en éléments �nis (a) et non linéarité géométrique dues aux contraintes longi-

tudinales dans les couches élastiques de la partie d'actionnement du haut-parleur (b)

Les résultats des modèles en éléments �nis (FEM, pour Finite Element Modeling) et en constantes local-

isées (LEM, pour Lumped Element Modeling) sont en adéquation dans leur bande passante de validité,

c'est à dire autour de la fréquence de résonance. Après une évaluation approfondie des paramètres

linéaires du haut-parleur, les simulations portent sur les non-linéarités géométriques du haut-parleur,

qui sont principalement liées aux conditions aux limites des actionneurs. Lors de la déformation d'une

plaque encastrée-guidée, un e�et d'étirement de la plaque s'ajoute à la déformation de celle-ci, ren-

dant la plaque de plus en plus rigide lors de sa déformation. Cet e�et peut être observé sur la Figure 9(b).

Pour pallier ces non-linéarités géométriques qui résulteraient en une diminution du déplacement de la

partie mobile du haut-parleur, et donc en une importante dégradation des performances, un pseudo

degré de liberté supplémentaire est ajouté au système. Une vue en coupe de la structure mécanique est

présentée sur la Figure 10(a). Ce degré de liberté supplémentaire est ajouté via une deuxième plaque

déformable, dont l'extrémité est liée au bloc de couplage de hauteur h0. La force Fnl, due à la di�érence

entre la longueur de la partie �exible des actionneurs projetée sur l'axe x avant et après sa déformation,

déforme la structure supérieure de longueur Lls intégrée dans la plaque mobile, via un moment Mls.

Cette force Fnl utilise la hauteur h0 comme bras de levier.
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(a) (b)

Figure 10: Vue en coupe partielle du ressort de linéarisation et de l'extrémité de l'actionneur (a) et

distorsion harmonique totale simulée du haut-parleur avec et sans ressort de linéarisation (b)

Via un modèle espace-état, le gain sur la distorsion harmonique totale (THD) peut être calculé en écrivant

les équations temporelles du circuit équivalent présenté sur la Figure 5. Ce calcul montre l'avantage du

ressort de linéarisation et donne des valeurs indicatives pour le niveau de distorsion attendu du haut-

parleur. À un actionnement de 1.5 V, le taux de distortion harmonique attendu est situé aux alentours de

1 % et atteint son maximum un octave sous la fréquence de résonance du haut-parleur, à environ 500 Hz.

Fabrication et caractérisation

Les haut-parleurs sont fabriqués sur la ligne 200 mm du CEA-Leti. La fabrication commence par le

wafer inférieur, dont la base est un wafer silicium sur isolant (SOI, pour Silicon On Insulator), dont la

couche dispositif mesure 12 µm d'épaisseur, et la couche support mesure 675 µm d'épaisseur. Une couche

de 500 nm de SiO2 est déposée sur la couche dispositif, et est durcie à 800 °C. Ensuite, l'empilement

platine/PZT/platine est déposé et gravé. Après une véri�cation de l'intégrité du matériau à l'aide d'un

di�ractomètre à rayons X, une couche de passivation est déposée et gravée pour laisser un accès aux

électrodes inférieures et supérieures. Sur ces accès, des contacts électriques en or sont déposés et gravés.

Une fois les contacts électriques fonctionnels, le bon fonctionnement du matériau piézoélectrique est véri�é

à l'aide d'un AixACCT TF Analyzer 2000 et d'un double interféromètre laser (DBLI). Un masque dur

d'oxyde de silicium est alors déposé et gravé sur la face arrière du wafer. Ensuite, la couche dispositif

est gravée pour préparer la libération de la partie �exible des actionneurs. Après cela, la couche de

SINR utilisée pour coller le wafer supérieur sur le wafer inférieur est déposée et gravée. L'empilement

technologique du wafer inférieur après cette étape est représenté sur la Figure 11(a). Le procédé de

fabrication du second wafer (un deuxième wafer SOI, dont les couches dispositif et support mesurent

80 µm et 500 µm d'épaisseur respectivement) commence par le dépôt et la gravure d'un masque dur sur la

face arrière. Un second masque dur est ensuite déposé et gravé sur la face avant du wafer. Subséquemment,

une gravure partielle est e�ectuée avec un second masque sur la face avant. Celle-ci à été chronométrée

et calibrée préalablement sur des wafers de test. Une gravure profonde est ensuite e�ectuée dans toute

l'épaisseur de la couche support. Après cette étape, le wafer supérieur, représenté sur la Figure 11(b)

est collé sur le wafer inférieur avec une pression de 2 kN et un vide partiel de 500 mbar. Finalement, la
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seconde gravure partielle permettant de graver les renforts sur le côté dispositif du wafer supérieur est

réalisée et une gravure profonde est e�ectuée sur la face du wafer support. Les deux couches d'oxyde,

comprises entre les couches dispositifs et support des deux wafers SOI sont ensuite gravées, ce qui libère

la structure mobile du haut-parleur. L'empilement technologique du haut-parleur terminé est représenté

sur la Figure 11(c).

(a)

(b)

(c)

Figure 11: Empilement technologique simpli�é montrant le wafer inférieur après dépôt et gravure de la

colle SINR (a), le wafer supérieur après la gravure de la cavité arrière (b) et le haut-parleur

après collage des deux wafers et gravures de libération (c)

Une fois fabriqués, les haut-parleurs sont séparés les uns des autres en utilisant une amorphisation laser.

Ils sont ensuite individuellement soudés sur des PCB spéci�ques, qui sont eux-même montés sur un ba�e

plan carré de 200 mm de côté, permettant d'éviter les interférences acoustiques entre les ondes avant et

arrière du haut-parleur. Le ba�e est ensuite disposé dans une chambre anéchoïque (G.R.A.S. AL0030)

permettant la mesure acoustique du haut-parleur. Un microphone (G.R.A.S. 46 BE) est ensuite disposé

à une distance de 10 mm de la surface de la plaque mobile du haut-parleur. Connecté à un ampli�cateur

le haut-parleur est alimenté par un sinus à fréquence variable d'une amplitude comprise entre 0 V et 30 V,

et la réponse en fréquences est ensuite calculée et lissée avec un �ltre par fraction d'octave. Sur la Figure

12(a), une photo d'un haut-parleur découpé et soudé est représentée. Sur la Figure 12(b), la réponse en

fréquences mesurée est comparée avec celle calculée en utilisant le modèle en constantes localisées. Une

incertitude est calculée en tenant compte des incertitudes dimensionnelles du haut-parleur, ainsi que des

incertitudes imputables aux appareils de mesure.
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(a) (b)

Figure 12: Photo d'un haut-parleur découpé et soudé sur un PCB, vu de dessus (a) et réponse en fréquence

mesurée, lissée au douzième d'octave et comparée avec la réponse en fréquence calculée avec

le modèle en constantes localisées ainsi que l'incertitude sur celle-ci (b)

Il y a une bonne adéquation entre la réponse en fréquences mesurée et la réponse calculée avec le modèle

en constantes localisées, dans la bande de fréquences où celui-ci est valide, c'est à dire autour de la

fréquence de résonance du haut-parleur. La fréquence de résonance ainsi que le niveau sont correctement

estimés. Plus haut en fréquences, aux alentours de 5 kHz, les deux réponses divergent, ce qui est dû

au comportement modal du haut-parleur, dont le modèle en constantes localisées ne tient pas compte.

Aussi, les non-linéarités semblent déformer la réponse mesurée autour de la résonance.

Conclusion

Un haut-parleur MEMS innovant, basé sur un procédé de fabrication utilisant deux wafers séparés a été

modélisé, fabriqué et mesuré avec succès. Il permet d'atteindre des performances supérieures aux haut-

parleurs MEMS présentés dans la littérature récente. L'épaisseur de seulement 1.2 mm peut permettre

l'intégration de ce haut-parleur dans des appareils portables dont l'épaisseur ne permet pas l'intégration

de dispositif non-MEMS, tels que les montres connectées ou les écouteurs intra-auriculaires sans �l. La

résonance pourrait être atténuée par �ltrage ou par contrôle actif pour rendre la réponse du haut-parleur

plus plate. Des �ltres peuvent également être utilisés pour permettre de corriger la réponse accidentée

du haut-parleur, plus haut en fréquence.
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Abstract

In pursuance of making loudspeakers compatible with very large scale integration (VLSI) processes,

research has been carried out on the development of MEMS loudspeaker, from nearly as early as the

�rst MEMS device and recently arouses a gain of interest due to the thinning of portable multimedia

devices. Despite interesting performance for in-ear loudspeaker, where high resonance frequencies and

small displacements can generate signi�cant sound pressure level, no solution was found to advantageously

replace non-MEMS loudspeakers for free �eld applications. To widen the frequency range of MEMS

loudspeaker, an innovative geometry based on an assembly of two wafers is proposed, in order to separate

the electro-mechanical transducer from the mechano-acoustics transducer, with the aim of reaching a

better optimization target. In this thesis, the working principle of the loudspeaker, as well as the models

used for the design and the optimization are presented and detailed. The innovative custom manufacturing

process with which the loudspeaker is manufactured in the CEA-Leti clean rooms is then detailed, and

the measured frequency response is compared with the simulated ones. The loudspeaker is able to radiate

a pressure of 110 dBSPL at 10 mm and at 1 kHz, the resonance frequency of the loudspeaker, which is

above the state of the art for MEMS loudspeaker with these dimensions. More than radiating high sound

pressure level at relatively low frequencies, the loudspeaker is generating a frequency response �atter than

what is observed in the recent literature, with a pressure of 98 dBSPL ± 3 dB at 10 mm from 1410 Hz to

7980 Hz. The total harmonic distortion of the loudspeaker is also estimated and measured, and values

below 5% for the usable bandwidth of the loudspeaker and for reasonably high sound pressure level are

reported. By using digital signal processing, as well as a dedicated packaging with speci�c acoustical

couplings, this loudspeaker could replace the secondary loudspeaker of smartphones.
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Introduction

Loudspeakers are electroacoustic transducers, used in most consumers devices to convert an electrical

signal into an audible acoustic signal. The �rst embodiment of the loudspeaker was invented by Edward

W. Kellogg and Chester W. Rice in 1925 and patented in its electrodynamic form, which is still the

most widely used today. Despite some advanced materials and geometrical optimizations, the working

principle is still the same today. Depending on the application, loudspeakers have a large range of

dimensions, ranging from millimeters for portable devices, to meters for sound reinforcement systems.

A loudspeaker should reproduce all audible frequencies, from 20 Hz to 20 kHz with the same sound

pressure level. It essentially means that if the loudspeaker is represented by a single input single output

linear time invariant system, the transfer function should be equal to one in the audio frequency range.

Undoubtedly and due to numerous physical limitations and wave behavior this is achievable only for

speci�c conditions, frequency bands, and by neglecting the time of propagation of the wave from the

source to the sensor. Despite a few remaining �aws, bulky loudspeaker designed for home or studio use

can achieve incredibly �at frequency responses, with a very small alteration of the reproduced signal.

During the past decades, an exponentially growing interest for connected portable multimedia devices

was observed worldwide, and the electrodynamic loudspeaker was adapted in order to be integrated

into these devices. Due to the physical limitations such as the wavelength of low frequencies, a lot

of compromises were made in order to shrink the size of the loudspeaker down. Despite the extreme

reduction of the size of the loudspeaker, down to approximately 500 mm3, no real breakthrough occurred,

and these loudspeakers are still working on the same century-old principle and are still manufactured

individually.

More than being based on an ancient transduction principle, the loudspeaker is one of the only component

that is not compatible with the micromanufacturing Very Large Scale Integration (VLSI) processes.

During the past few years, the interest for Micro Electro-Mechanical Systems (MEMS) loudspeakers has

signi�cantly grown, as it can be seen by displaying the number of publications on the topic in the recent

years. As it can be seen in Figure 13, MEMS loudspeakers have been developed as early as three years

after the introduction of the term �MEMS�. During the �rst decade, the number of publications was very

low and linked to the poor performance of these loudspeakers. The recent increase of interest for this

technology since 2005 could be linked to the advent of portable multimedia devices, and the need to

reduce the size of loudspeakers in order to integrate them into the aforementioned apparatuses.
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Figure 13: Number of publications about MEMS loudspeaker per year

In view of these recent developments and based on the strength of its long experience in the design

and manufacturing of MEMS actuators, especially using thin �lm piezoelectric materials, CEA Leti has

undertaken the development of MEMS loudspeakers in order to widen its range of skills on the side of

electroacoustics transducers operating in the audio band.

As it will be described in more detail in the �rst chapter, the recent development on MEMS loudspeakers

are compatible with in-ear applications but are not reaching ideal performance for free �eld applications

yet. Through an exhaustive literature review, performance to reach are de�ned at the end of the �rst

chapter, in order to advantageously place the designed loudspeaker among the results reached in recent

publications. From the same literature review, the choice of the transduction for the electromechanical

and for the mechanoacoustical conversion as well as the application and the sound reproduction method

are de�ned. In the second chapter, the small signal model of the loudspeaker is detailed and derived. This

simple model is then used to de�ne linear small signal parameters of the loudspeaker requisite to reach

the previously de�ned performance target. In the third chapter two more advanced models are described.

The �rst one is the complete Finite Element Model (FEM) of the loudspeaker built in COMSOL® and

the second model is the large signal pseudo-nonlinear model of the loudspeaker, based on the state space

formulation. Based on these models, the performance of the loudspeaker is more precisely de�ned, and

nonlinear aspects, as well as the modal behavior of the loudspeaker are investigated. Concurrently to

these aspects and with the help of the three dimensions �nite element model, the manufacturing process

used to manufacture the loudspeaker is designed. The fourth and last chapter describes the manufacturing

process and the characterization of the loudspeaker, in which the measurements are also compared with

the simulations.
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Chapter 1
State of the Art and Speci�cations
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1.4.4 Digital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.4.5 Other Types of Transduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
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1.7 Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.1 Chapter Introduction

This �rst chapter describes succinctly the linear working principle of loudspeakers in Section 1.2, in order

to better explain the performance of loudspeakers of the literature. It then describes why nonlinearities

are important to take care of in loudspeaker design in Section 1.3. Then, electrodynamic commercial

loudspeakers are reviewed to determine the required performance for smartphone use in Section 1.4.

In the same section, MEMS loudspeakers using electrodyamic, piezoelectric, electrostatic, digital and

other types of transductions are succesively reviewed, for free �eld applications. MEMS loudspeakers of

the literature are then reviewed for in-ear applications in Section 1.5. Performance of loudspeakers are

compared for both applications and depicted in a �gure of merit in Section 1.6, leading to a choice of the
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working principle of the loudspeaker to design and giving the performance to reach.

1.2 Single Degree of Freedom Loudspeaker

For a better understanding of the involved physical quantities and limitations, a theoretical background

is needed. This part does not claim to be exhaustive and more details on the modeling of the loud-

speakers are given in Chapter 2. To perform an electric to acoustic transduction, most loudspeakers

use two transducers. One being the electromechanical transducer, converting the electrical energy into

mechanical energy and the other one being the mechanoacoustical one, converting the mechanical energy

into acoustical energy. In most cases, the mechanoacoustical transducer is a rigid element, attached to a

single degree of freedom mechanical oscilator, actuated by an electromechanical transducer. This chain

is represented in Figure 1.1 and displays the main quantities involved.

γ Zm Sd

Fin poutuin v

Figure 1.1: Block diagram of the main transductions in a loudspeaker

The conversion of the force Fin into a velocity v, that can be di�erentiated or integrated in order to

compute respectively the displacement δ or the acceleration α, is performed via the impedance Zm,

representing the frequency dependent behavior of the mechanical oscillator. In most cases, the mechanical

oscillator is designed to approach the behavior of a single degree of freedom oscillator. Generally, a rigid

moving surface Sd is actuated at the velocity v and converts then the mechanical movement into a pressure

pout. To represent the electromechanical system, an equivalent electrical circuit is used and depicted in

Figure 1.2. For more details on the simulation of electroacoustic circuits using lumped element models

see [2].

v

Fin Fout

Rms Mms
Cms

Figure 1.2: Equivalent electrical circuit of a mechanical oscillator

The force Fout is determined by the acoustical impedance seen by the radiating element of the loudspeaker.

As a �rst approximation, this impedance can be seen as a capacitance for an in-ear loudspeaker, and as

a mass for a loudspeaker radiating in free �eld. By neglecting the force Fout, the velocity of the moving

mass of the mechanical oscillator can be written as the ratio between the input force Fin and the total

impedance of the mechanical circuit, which is composed of the sum of the impedance created by the

viscous damping Rms, the equivalent mass Mms and the apparent compliance Cms. From the velocity v,

the acceleration α and the displacement δ are obtained respectively by multiplying and dividing v by jω.
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v =
Fin

Rms + jωMms + 1
jωCms

(1.1)

Figure 1.3: Normalized velocity, acceleration and displacment of

The three curves of the acceleration, the velocity and the displacement for a critically damped single

order mechanical oscillator as a function of frequency are presented in Figure 1.3. It can be shown from

the fundamental equations of acoustics, that a rigid plate �ush mounted in an in�nite ba�e will radiate

a sound pressure proportional to the acceleration of the moving plate in free �eld, and that a rigid plate

oscillating into a cavity will radiate a sound pressure proportional to the displacement as it is depicted

respectively in Figures 1.4(a) and 1.4(b). Thus, the frequency response of a loudspeaker radiating in free

�eld is similar to the one of a high pass �lter, with the resonance frequency being the lowest frequency at

which the loudspeaker is e�ciently generating sound pressure. When radiating in a cavity, the frequency

response is similar to a low pass �lter, with the resonance frequency being the highest frequency at

which the loudspeaker is e�ciently generating sound pressure. This major di�erence is responsible for

the di�erences in design for the two con�gurations.

(a) (b)

Figure 1.4: First order approximation of the frequency response of a loudspeaker radiating in free �eld

(a) and in a sealed cavity (b)
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1.3 Distortion

Once the needed bandwidth and level are reached, the design should consider the nonlinearities, in order

to accurately reproduce the input signal. For a linear system, the amplitude of the output signal is

proportional to the amplitude of the input signal. This property is called homogeneity and is usually

written as

y(t) = A(ω) cos(ωt+ ϕ(ω)) (1.2)

where ω is the pulsation, A(ω) is the pulsation dependent gain of the loudspeaker and ϕ(ω) is the pulsation

dependent phase shift of the loudspeaker. For a non linear system, the gain is amplitude dependent, which

makes Equation 1.2 and the superposition theorem invalid. In a typical nonlinear system, the gain is

reduced for larger amplitudes of the input signal, as presented in Figure 1.5(a). In this case, even after

correcting the phase shift ϕ(ω) and the gain A(ω), signals are di�erent in shape, as depicted in Figure

1.5(b).

(a) (b)

Figure 1.5: Normalized linear and nonlinear transfer functions (a) and output signals resulting from the

transfer through the linear and nonlinear transfer functions, normalized to the maximum

amplitude of the linear signal (b)

In the frequency domain, nonlinearities are responsible for unwanted frequencies in the output signal. In

a simple case of a sine compressed by a function such as the one depicted in Figure 1.5(a), that could be

approximated by a simple second order polynomial

y(t) = x(t) + x2(t) (1.3)

with t the time vector and x(t) = cos(ωt). After using trigonometric identities, the output could be

rewritten

y(t) =
1

2
+ cos(ωt) +

1

2
cos(2ωt) (1.4)

which makes clearly appear an o�set (null frequency component) and a 2ω term. This simple test can be

generalized to nonlinearities to order n, and since real systems usually behave as higher order polynomials,

they generates a broadband of odd harmonics if the system is symmetric around zero, as shown in Figure

6
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1.6(a), and a broadband of all harmonics if the system is asymmetric. If the input signal is a sum of

multiple signals x(t) = cos(ω1t) + cos(ω2t), the output y(t) can be rewritten as

y(t) = 1 +
1

2
cos(2ω1t) +

1

2
cos(2ω2t) + 2 cos(ω1 + ω2) + 2 cos(ω1 − ω2), (1.5)

which clearly shows an o�set, the �rst order harmonic of both input signal, and two components whose

pulsations are the sum and the di�erence of the input pulsations. This can be generalized for higher order,

and it usually creates a wide band of nonharmonic content in the output signal, as depicted in Figure

1.6(b). This kind of distortion is called Inter Modulation Distortion (IMD), and contrarily to harmonic

distortion, it can generate frequency components with a lower frequency than the ones of the input signals.

Figures 1.6(a) and 1.6(b) also show the reduction of amplitude of the fundamental frequencies, due to

the diminution of the gain for higher amplitudes.

(a) (b)

Figure 1.6: Pure sine (a) and sum of pure sines (b) after being transferred through a linear and a nonlinear

function in the frequency domain (b)

The human ear sensitivity to distortion is rather complex, and the importance of distortion widely depends

on the frequencies. To be able to quickly evaluate the linearity of a system, Total Harmonic Distortion

(THD) was introduced. The THD is the ratio between the sum of e�ective values of the harmonics and

the e�ective value of the fundamental harmonic and other harmonics and is calculated using

THD = 100 ·

√∑H
h=2 v

2
h√∑H

h=1 v
2
h

. (1.6)

This indicator only evaluates the linearity of the system through harmonic distortion, but it's safe to say

that a low THD would suggests a low intermodulation distortion. Studies have shown that depending on

the order of the harmonics, the human ear can be sensitive to a THD as low as 0.1% [3�6].

1.4 Free Field

1.4.1 Electrodynamic

Electrodynamic loudspeakers rely on the Laplace force that writes

7
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F = qE + q v ×B. (1.7)

Figure 1.7: Schematic representation of an electrodynamic loudspeaker motor

A solenoid coil of length `, that can freely move along z is immersed in a magnetic �eld whose magnetic

�ux density is noted B. Due to the Lorentz force experienced by each electric charge moving in the

current carrying coil, a macroscopic force F is generated. This force can be written

F = i

∫
d`×B. (1.8)

The magnetic �eld in the air interstice in which the coil can freely move is usually conducted from a

magnet using pole pieces that are organized as a magnetic circuit. By assuming a constant magnetic �ux

intensity in the air interstice B, a rectilinear current carrying wire of length ` and by neglecting edge

e�ects, the Lorentz force writes

F = i`×B. (1.9)

As loudspeakers are designed to maximize the transduction factor, it is usually simply written as B`, and

the force F is proportional to the input current i. This transduction is usually represented as a gyrator

in the lumped element circuit, as the transduction is non-reciprocal. The input current gives a force, and

the output velocity is proportional to the voltage. As the coil is inductive and resistive, the equivalent

electrical circuit is represented as a series inductor and resistor. The equivalent circuit is represented

in Figure 1.8, where uin is the input voltage, iin is the input current, Re is the equivalent electrical

resistance of the coil, Le is the equivalent inductance of the coil and em is the back counter-electromotive

force.

Re Le
1 : B`

uin Finem

iin v

Figure 1.8: Equivalent electrical circuit of an electromagnetic transducer using a coil and a magnet

8
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In order to have a reference for what to expect as the frequency response for a miniature loudspeaker,

commercial loudspeakers are used as an example. Present miniature loudspeakers used in smartphones

and other portable multimedia devices usually have a nearly critically damped frequency response, with

a radiating sound pressure level as high as 90 dBSPL (where SPL stands for Sound Pressure Level), from

1 kHz to 20 kHz, with a back cavity of 1 cm3. Figure 1.9 shows the averaged frequency response of twelve

commercial loudspeakers, as well as the standard deviation of the used samples. These loudspeakers

are usually used with speci�c packaging in smartphones, in order to increase the sound pressure level in

the middle of the audio bandwidth, while avoiding the acoustic short-circuit without using a completely

sealed back cavity.

(a) (b)

Figure 1.9: Averaged frequency response of twelve commercial loudspeakers with the standard deviation

(a) and picture of a typical 11× 15 mm2 of the loudspeaker described in [1] (b)

Non-MEMS loudspeakers are still being studied in order to reduce their thickness [7], extend their fre-

quency bandwidth in the low frequency range [8] and modeled to improve their acoustic performance [7,

9�14]. Very few articles describe the manufacturing and the measurement of MEMS loudspeaker using

electromagnetic transduction for free �eld applications. This could be attributed to the fact that perma-

nent magnets are di�cult to adapt to microfabrication processes. In multiple articles [15�19], a MEMS

loudspeaker using a heterogeneously assembled permanent magnet and an electrochemically deposited

copper coil, on a sti�ened silicon circular plate was presented. This MEMS loudspeaker provides a �at

frequency response, depicted in Figure 1.10(a), and a radiated sound pressure level of around 80 dBSPL

at 10 cm in a wide frequency band. A 3D Computer-Aided Design (CAD) cross section view of the

loudspeaker is depicted in Figure 1.10(b). Despite the acoustic response in phase with the requirements,

the loudspeaker is bulky and requires an heterogeneously assembled magnet and a polymer suspension

to avoid an acoustic short-circuit between the front and rear sides of the membrane. This makes this

loudspeaker di�cult to adapt to industrial applications, such as the integration in smartphones.

9
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(a) (b)

Figure 1.10: Frequency response (a) and 3D CAD drawing (b) of the loudspeaker presented in [15]

1.4.2 Piezoelectric

Piezoelectric loudspeakers mostly rely on piezoelectric cantilevers or deformable structures using thin

piezoelectric materials. Piezoelectricity is a property of a material that linearly links the electric �eld

and the strain of a material. The piezoelectric e�ect comes from the polarization of deformed crystalline

structure of the piezoelectric material. The main equation, in the stress-charge form is a superposition

of the Hooke Law and the piezoelectric e�ect which is formalized in the IEEE standard, and is presented

in Equation 1.10 Sp = sEpqTq + dkpEk

Di = diqTq + εTikEk
(1.10)

with Sp the strain in the p direction, Di the electric displacement in the i direction, Tq the stress in the

q direction, Ek the electric �eld in the k direction, sEpq the compliance at constant electric �eld, ε
T
ik the

dielectric constant for a constant stress, dkp the piezoelectric constant and Tp the stress for a constant

electric �eld in the p direction.

Usually, indices of the stresses are reduced with (11) = 1, (22) = 2, (33) = 3, (32) = (23) = 4, (13) =

(31) = 5 and (12) = (21) = 6. Considering an orthotropic material whose elastic properties are di�erent

along the three dimensions, the complete sti�ness tensor of the material can then be written as

S1

S2

S3

S4

S5

S6


=



s11 s12 s13 s14 s15 s16

s12 s22 s23 s24 s25 s26

s13 s23 s33 s34 s35 s36

s14 s24 s34 s44 s45 s46

s15 s25 s35 s45 s55 s56

s16 s26 s36 s46 s56 s66





T1

T2

T3

T4

T5

T6


. (1.11)

This tensor is the elastic material constant tensor in the piezoelectric Equation 1.10. In the case of an

isotropic material, s14 = s15 = s16 = s24 = s25 = s26 = s34 = s35 = s36 = s45 = s46 = s56 = 0, and the

10
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Figure 1.11: Representation of cuboid subjected to three three dimensional stresses in the three orthog-

onal directions

tensor can be expressed as a function of the Young modulus and the Poisson ratio [20]. The piezoelectric

e�ect is also described as a tensor, whose parameters are axis dependent. Using three dimensions tensors,

Equation 1.10 can be rewritten

D1

D2

D3

 =

d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36




T1

T2

T3

T4

T5

T6


+

ε11 ε12 ε13

ε12 ε22 ε23

ε13 ε23 ε33


E1

E2

E3

 . (1.12)

Lead Zirconate Titanate (PZT), which is the most widely used piezoelectric material for microfabricated

actuators, have an orthorombic crystal structure, and Equation 1.12 can be rewritten using d11 = d12 =

d13 = d14 = d16 = d21 = d22 = d23 = d25 = d26 = d34 = d35 = d36 = 0 and ε12 = ε13 = ε23 = 0.

Equations 1.11 and 1.12 are usually assembled into a single tensor and writes

S1

S2

S3

S4

S5

S6

D1

D2

D3


=



sE11 sE12 sE13 0 0 0 0 0 d31

sE21 sE22 sE23 0 0 0 0 0 d31

sE31 sE32 sE33 0 0 0 0 0 d33

0 0 0 sE44 0 0 0 d15 0

0 0 0 0 sE55 0 d15 0 0

0 0 0 0 0 sE66 0 0 0

0 0 0 0 d15 0 εT11 0 0

0 0 0 d15 0 0 0 εT11 0

d31 d31 d33 0 0 0 0 0 εT33





T1

T2

T3

T4

T5

T6

E1

E2

E3


(1.13)

were the piezoelectric constant matrix and the transposed piezoelectric constant matrix are highlighted in

blue, the isotropic sti�ness matrix is highlighted in red and the electrical permittivity appears in black.

Most MEMS loudspeakers use a thin piezoelectric layer, between two electrodes, �rmly attached to a

passive elastic layer, as it is represented in Figure 1.12.

In this speci�c case, the potential di�erence between the two electrodes creates an electric �eld of magni-

tude E along the direction 3, and since dimensions along y and x are large compared to the dimensions

along z, edges e�ects can be neglected. In this con�guration, the stresses along the direction 3 can be
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Figure 1.12: Schematic of a piezoelectric cantilever with an non-deformable free end

neglected, as the related deformation is very small. Due to the same geometric characteristics, transverse

shear stress is neglected as well, and equation can be rewritten using T3 = T4 = T5 = 0 [21]
S1

S2

S6

D3

 =


sE11 sE12 0 d31

sE12 sE11 0 d31

0 0 sE66 0

d31 d31 0 εT33



T1

T2

T6

E3

 . (1.14)

If the width of the plate is small compared to its length, the plate can be considered as a thin beam and

the stress T2 along the direction 2 and the shear stress T6 can be neglected as well. This simpli�cation

can also be used in the case of a cantilever with a larger width but whose boundary conditions avoid

large deformations along the width direction. This simpli�cation leads to[
S1

D3

]
=

[
sE11 d31

d31 εT33

][
T1

E3

]
. (1.15)

Equation 1.15 gives a simple model to evaluate performance of the piezoelectric material. sT11 is used

to predict the bending sti�ness of the piezoelectric layer, εT33 is used to predict the electrical behavior

and d31 is used to predict the stress generated by the piezoelectric layer. Coupled to a mechanical

model of the passive layer, this equation can be used to predict mechanical output from electrical input.

Piezoelectricity is a nearly linear reciprocal e�ect. Unfortunately, purely piezoelectric materials have

poor d31 coe�cients, and thus are not converting electrical energy to mechanical energy e�ciently. The

most widely used piezoelectric material in MEMS actuators is the PZT (PbZrxTi1−xO3 (0 ≤ x ≤ 1))

showing the highest piezoelectric coe�cient and is compatible with the microfabrication processes [22].

Due to the non-centrometric crystal structure, PZT belongs to the pyroelectric and more speci�cally to

the ferroelectric class of piezoelectric materials [23]. This material was �rst synthetised in the 50s [24].

The ferroelectric behavior, by analogy to the ferromagnetic behavior, is mainly de�ned by the ability of

the material to have a remanent polarization that can be reversed by an external electric �eld. This e�ect

comes from the electric dipole of the PZT lattice below the Curie temperature, as shown in Figure 1.13.

Due to the ceramic arrangement in domain, hysteretic behavior occurs (Figure 1.14).
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(a) (b)

Figure 1.13: Cubic structure of PZT below (a) and tetragonal structure of PZT above (b) Curie transition

temperature adapted from [25]

Figure 1.14: Simpli�ed polarization P of a ferroelectric material subjected to an electric �eld E repre-

sented by sigmoid functions

After manufacturing the material has a randomly distributed ferroelectric domains orientation (Figure

1.14 a), and the resulting macroscopic polarization is null. When the material is subjected to an electric

�eld, dipoles in the ferroelectric domain switch until their macroscopic dipoles are aligned with the electric

�eld direction (Figure 1.14 b), initially following path A. When the electric �eld is reduced, polarization

follows path B, and does not decrease as fast as it increased, to reach the remanent polarization Pr when

the electric �eld is null and dipoles are randomly distributed (Figure 1.14 c). If a negative electric �eld

is applied, the structure is unpolarized, down to the negative coercive �eld -Ec, to randomly spatially

distributed dipoles, with a null polarization. By reducing further the electric �eld, the material is polarized

in the opposite direction through path C, similarly to path A. At the negative saturation �eld, all dipoles

are aligned to the electric �eld. When the electric �eld is increased back, the material is depolarized

to -Pr, the negative remanent polarization. By increasing the electric �eld and similarly to path B, the

coercive �eld which correspond to a null polarization is reached and the loop is closed at the saturation

polarization. Because the polarization is linked to piezoelectric coe�cients through Equation 1.10, the

transduction is also highly non linear and hysteretic. Also, piezoelectric parameters of thin �lm PZT

depend on �lm thickness [26], stress and frequency [27] and multiple other parameters [28]. For small

signals, piezoelectric materials are considered linear, and the transduction can be represented by a simple

coe�cient. The piezoelectric e�ect being reciprocal, it is usually represented as a transformer in the
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electrical equivalent circuit. Due to the piezoelectric material being dielectric, the electrical part of the

transduction is usually represented as a capacitor Cp, as depicted in Figure 1.15. As the piezoelectric

layer adds a bending sti�ness to the mechanical structure, it also contributes to the apparent compliance

Cms of the mechanical equivalent circuit.

iin
Rg

Cp

1:γ
Cms

Foutuin

v

Figure 1.15: Equivalent electrical circuit of a bending piezoelectric transducer

Piezoelectric materials have been integrated into MEMS devices since the early 1990s [29�31] and more

speci�cally into MEMS loudspeaker since the mid 1990s [32]. Most notable recent performance were

reached by the loudspeaker presented in di�erent declinations in [33�37]. The loudspeaker is based on a

released silicon oxide circular membrane on which a high piezoelectric constant piezoceramic is bonded

and a picture is presented in Figure 1.16(b).

(a) (b)

Figure 1.16: Frequency response (a) and schematic of the concept (b) of the loudspeaker presented in

[38]

The radiated sound pressure measured at 10 mm is depicted in Figure 1.16(a) and shows an accidented

response, with a very low sound pressure level in low frequencies. The measurement is also far from

being in agreement with the models, and the pressure was measured with a sound level meter, which

might evaluates the total harmonic distortion into the frequency response.

A piezoelectric loudspeaker, based on thin �lm PZT cantilevers and an heterogeneously assembled mem-

brane, integrated in the packaging is already commercialized. Although the design mainly aims for in-ear

applications, this loudspeaker could be used in near �eld applications as well. The frequency response

of the loudspeaker in free �eld, as well as a picture of the loudspeaker are presented in Figure 1.17. A

equivalent model of this loudspeaker is presented in [39].
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(a) (b)

Figure 1.17: Frequency response (a) and picture (b) of the Usound UTP-2018 loudspeaker, whose char-

acteristics are detailed in [40]

Although the frequency response of the loudspeaker is reasonably �at between 3 kHz and 10 kHz, the

level is not high enough to ful�ll free �eld application requirements. Also, the resonance frequency of the

loudspeaker is higher than 3 kHz and this results in a lack of sound pressure level in the lower frequencies.

In [41], a microloudspeaker using ZnO on a SiN membrane is reported. It generates an acoustic pressure

of 60 dBSPL from 1 kHz and a very irregular response, due to the modal behavior of the membrane. Using

thin �lm PZT on a polyimide membrane, pressure as high as 79 dBSPL at 1 kHz was reported in [42]. In

[43], a reasonably �at frequency response starting at 450 Hz, with a sound pressure level of 90 dBSPL at

1 cm for a microloudspeaker of 18 × 20 mm2 was reported. In [44] �nite element and lumped element

model of a microloudspeaker actuated by piezoelectric bending actuator predict a pressure of 100 dBSPL

at 15 kHz and at 1 cm, which is very high in frequency. In [45], a concentric microloudspeaker using thin

�lm PZT on a deformable silicon structure is simulated, predicting sound pressure level of more than

90 dBSPL at frequencies lower than 1 kHz. Measurement results have not been presented yet. In [46], a

microloudspeaker using AlN thin �lm on a low stress silicon nitride deformable membrane with a surface

of 4× 4 mm2 generates a sound pressure level of approximately 80 dBSPL at a frequency of 10 kHz and at

a distance of 3 mm, which is an order of magnitude lower in pressure and frequency than what is expected

for smartphones.

1.4.3 Electrostatic

Electrostatic transduction is the oldest type of transduction and was used in the �rst MEMS devices in

the mid 1960s [47]. The electrostatic transduction relies on the electrostatic force created between two

charges. In Figure 1.18, two plates of surface S separated by a distance d are represented. Considering

dimensions along x and y are way larger than the distance d, edges e�ects can be neglected. The

capacitance C0 created by the two plates and the dielectric can be written

C0 = ε0ε
S

d
(1.16)

where ε0 is the vacuum permittivity and ε is the dielectric permittivity. From Coulomb's theorem, the

static force as a function of the input voltage can be written
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Fin =
εε0S

2

V 2
DC

d2
. (1.17)

As deduced from Equation 1.17, the relation between the force and the input voltage is non linear. By

considering an input signal composed of a DC voltage VDC , large compared to the input signal uin, and

by considering that the variation of the capacitance C0 due to the variation of the distance d is negligible,

the variation of the static force generated by the electrostatic transducer can be written as

F = εε0S
VDCuin
d2

. (1.18)

Equation 1.18 shows the limitation of the electrostatic transducer for loudspeaker actuation. Firstly, a

high polarization voltage is needed in order to tend to a linear working principle, and this is limited by

the breakdown voltage in the dielectric between the two plates. The force is also inversely proportional

to the distance between the two plates, which limits the maximum displacement.

Figure 1.18: Schematic of two plates polarized to a di�erent potential

iin
Rg

C0

1:φ

−C0

φ2

Foutuin

v

Figure 1.19: Equivalent electrical circuit of a electrostatic transducer

Figure 1.19 represents the equivalent electrical circuit of an electrostatic transducer. The resistor Rg
represents the output resistor of the generator, as well as the resistance created by the electrical connec-

tions. A negative compliance is also induced in the mechanical domain due to the transduction. The

negative compliance value is the value of the electrical capacitance transposed in the mechanical domain

through the squared transduction factor φ. Equations and equivalent electrical circuits are adapted from

[48]. Very few loudspeakers using electrostatic transduction for free �eld applications were described.

This could be due to the low displacement generated by the transduction, that doesn't allow this type of

loudspeaker to generate high sound pressure level at low frequencies. An interesting design was presented

in [38], showing a circular electrostatic MEMS loudspeaker, actuated only peripherally. The design only
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uses silicon and silicon oxide, which makes it convenient to manufacture. The frequency response and a

schematic view of the loudspeaker are presented in Figure 1.20.

(a) (b)

Figure 1.20: Frequency response (a) and schematic of the concept (b) of the loudspeaker presented in

[38]

The loudspeaker with a diameter of 2 mm and measured at a 1 mm distance produces a very low sound

pressure level below 1 kHz when actuated at 30 VDC+30 VAC. The actuation voltage being equal to the

bias voltage, the loudspeaker might show very high total harmonic distortion. Other loudspeakers are

using push-pull electrostatic transduction and a �exible membrane [49], or silicon �exible elements to

obtain a pistonic motion of the vibrating element [50], using a corrugated structure to decreseas the

sti�ness of the membrane [51], using a poly-SiC membrane [52], or using a membrane bonding [53], but

show similar low sound pressure levels at low frequencies, with high distortion and high polarization

voltages.

1.4.4 Digital

Independently of the transduction principle, sound can theoretically be reproduced in air using a digital

loudspeaker. Instead of converting linearly the harmonic displacement of a rigid surface to produce

a sound pressure, digital loudspeakers are using a digital signal to feed a matrix of transducers, that

reconstruct the analog signal directly in air, with the combination of a high number of independent

smaller loudspeakers, often called speaklets. A schematic of the principle of the digital loudspeaker is

depicted in Figure 1.21(a).
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(a) (b)

Figure 1.21: Schematic of an array of speaklets (a) and sequence of acoustic pulse reproducing a period

of a sine wave (b)

Groups of di�erent numbers of speaklets are actuated successively, to reproduces pulses with di�erent

amplitudes. If the length of the pulse corresponds to a frequency much higher than the maximum

frequency of the audio band, this system could theoretically reproduce any frequency without the need of

a low resonance frequency. Two major di�culties rely on the reproduction of a perfect air pulse and on

the small variation of characteristics from one speaklet to another. These issues were investigated in [54].

For a resonating MEMS, simulated using a simple mechanical oscillator, the air pulse generated usually

have the shape of the impulse response of an under-damped impulse response, as depicted in Figure 1.22.

The di�erence between the perfect rectangular pulse and the response of a second oscillator is responsible

for the limitations of this system in the lower frequencies.

Figure 1.22: Velocity response of a damped oscillator to a square voltage impulse

A proof of concept of a digital loudspeaker was built and measured in [55, 56], using piezoelectric trans-

duction, whose performance is presented in Figure 1.23. Other proof of concept were demonstrated in

[57] and [58].
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(a) (b)

Figure 1.23: Frequency response (a) and picture (b) of the loudspeaker presented in [56]

The frequency response of the loudspeaker shows a low sound pressure in low frequencies and is not �at in

the audio bandwidth. This response is similar to the one of other piezoelectric loudspeakers using analog

transduction techniques, for loudspeaker smaller and without complex electronic circuitry. This could

mainly be attributed to the inability of single speaklets to reproduce sharp peaks of acoustic pressure,

and to the disparities between the characteristic of the speaklets. Research is still ongoing to improve

the intrinsic performance of the individual speaklets [59, 60], or to �nd new techniques of digital signal

reconstruction [61], but no competitive frequency response with a low total harmonic distortion was

presented to date, and performance are at least an order of magnitude under to required ones.

1.4.5 Other Types of Transduction

A few others loudspeakers of the literature are using di�erent transduction techniques, such as the thermo-

acoustic transduction. This tranduction relies on the expansion of air and solid through a change of

temperature. The change of the temperature of the solid is generally achieved with an alternative current,

creating a sinusoidal change of temperature of the resistive solid through the joule e�ect.

Figure 1.24: Schematic of thermoacoustic transduction e�ect, adapted from [62]
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Under a sinusoidal electrical current, the resistive solid experiences a pseudo-sinusoidal change of tem-

perature. As the sign of the input current iin does not a�ect the temperature change, a current at a

pulsation ω generates a change of temprature at a pulsation 2ω. The sinusoidal change of temperature is

then conducted though air via the air to solid interface and this change of temperature is creating sound

waves. As other types of transductions, this transduction is highly non linear and requires a polarization

voltage.

(a) (b)

Figure 1.25: Frequency response (a) and picture (b) of the loudspeaker presented in [63]

The frequency response and a picture of the loudspeaker presented in [63] are depicted in Figure 1.25.

A sound pressure level of approximately 70 dBSPL is reached at 10 kHz and at 10 cm. A few others

loudspeakers compatible with microfabrication processes and featuring a thermoacoustic transduction are

described in the literature [64�66] and are showing similar low sound pressure levels at low frequencies.

1.5 In-Ear

The target frequency behavior for a loudspeaker is a �at frequency response in the audible frequency

range. When an in-ear loudspeaker is used, the in�uence of the head, torso and external ear is short-

circuited by the geometrical con�guration. In order to make the music sound natural, the e�ect needs

to be introduced in the frequency response of the loudspeaker. To reproduce the frequency response of

the average human body, measurements were carried out on large number of people and measurements

tools were designed. These tools are mainly arti�cial ears, following the International Electrotechnical

Commision (IEC) 60318-4 standard, and arti�cial mannequins, following the IEC 60318-7 standard. The

transfer functions of di�erent head and torso mannequins as well as a picture of one of these mannequins

is presented in Figure 1.26 and the transfer function and the picture of an arti�cial ear are presented in

Figure 1.27.
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(a) (b)

Figure 1.26: Transfer function of 3 commercial head and torso mannequin measured in [67] (a) and picture

of the B&K 4128

The transfer function in Figure 1.26(a) represents the transfer function from a perfect source in front of

the mannequin to the microphones placed inside the dummy ear canals. Researches on the topic have

found that listeners prefer a slightly di�erent curve, often referenced to as the Harman curve [68]. This

curve has a similar behavior and ampli�es frequencies between 2 and 6 kHz, as depicted in Figure 1.29(a).

Although this curve is very important at the design stage, some corrections can be made with acoustical

resonators in the packaging, and publications often do not aim at this particular curve.

(a) (b)

Figure 1.27: Transfer function of a G.R.A.S. standardized arti�cial ear (a) and picture of this arti�cial

ear (b)

The curve presented in Figure 1.27(a) is the measured transfer function of ear-occluded depicted in

Figure 1.27(b). It shows a sharp resonance peak at around 10 kHz, due to a resonance of the ear canal.

A signi�cant increase of the level from 1 kHz is observed as well. For simulation purpose, the coupler is

often simulated using an equivalent acoustical circuit, that can be found in [69]. This circuit predicts the

acoustical behavior of the coupler in the audio range, and allows to predict the sound pressure level at
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the microphone integrated in the coupler, which represents the tympan of the user.
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Figure 1.28: Lumped equivalent network of the ear-occluded IEC 60318-4 coupler

From the schematic presented in Figure 1.28, the equivalent impedance of the coupler writes

Zc = jωL1 +
1

jωC1 + 1
Z2

+ 1
jωL3+

1

jωC3+ 1
Z4

+ 1
Z5

(1.19)

with Z2 = jωL2 + 1
jωC2

+ R2, Z4 = jωL4 + 1
jωC4

+ R4 and Z5 = 1
jωC5

+ jωL5 where R2 and R4 are

representing the equivalent acoustical dissipation of the coupler, C1 − C5 are the equivalent acoustical

compliances of the coupler and where L1 − L5 are the equivalent acoustical masses of the coupler. The

transfer function from pin to pout can then be written

Tf =

1
1

jωC3
+ 1
Z4

+ 1
Z5

jωL3 + 1
1

jωC3
+ 1
Z4

+ 1
Z5

Zc − jωL1

Zc

1

jωC5Z5
. (1.20)

The impedance of the coupler is depicted in Figure 1.29(b), and the parameters are given in Table 1.1.
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Table 1.1: Parameters of the equivalent circit of the IEC 60318-4 ear-occluded coupler

Parameter Value Unit

L1 82.9 Pa s2 m−3

L2 9400 Pa s2 m−3

L3 130.3 Pa s2 m−3

L4 983.8 Pa s2 m−3

L5 133.4 Pa s2 m−3

C1 1 · 10−12 Pa m−3

C2 1.9 · 10−12 Pa m−3

C3 1.5 · 10−12 Pa m−3

C4 2.1 · 10−12 Pa m−3

C5 1.517 · 10−12 Pa m−3

R2 50.6 · 106 Pa s m−3

R4 31.1 · 106 Pa s m−3

(a) (b)

Figure 1.29: Harman target curve adapted from [68] (a) and impedance on a IEC 60318-4 ear-occluded

coupler calculated using the equivalent electrical circuit of Figure 1.28 (b)

As discussed in Section 1.2, the needed displacement for in ear loudspeaker can be orders of magnitude

below the required one for free �eld applications. It makes MEMS more adapted for this use. This is

translated by an abundance of devices in the literature. As early as in 2003, the feasibility of MEMS

loudspeaker was demonstrated using electromagnetic transduction with an assembly of a glass substrate

and permanent magnets with a silicon substrate featuring a polymer suspended membrane with an

electrochemically deposited copper coil. The loudspeaker radiates 90 dBSPL at 5 kHz for a footprint of

approximately 25 mm2. Due to an important leak, the sound pressure level in the low frequencies is

very low. The overall level radiated by the loudspeaker is too low to ful�ll industry requirements. The

frequency response and a picture of this MEMS loudspeaker are presented in Figure 1.30.
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(a) (b)

Figure 1.30: Frequency response of the microloudspeaker in a 2 cm3 cavity (a) and picture of this micro-

loudspeaker (b) taken from [70]

Other electromagnetic loudspeakers are presented in the literature such as the one with a Cu-Ni

nanocomposite coils described in [71] showing a rather low sound pressure level of 70 dBSPL at 2 kHz.

Another one based on an integrated wax-bonded Nd-Fe micro-magnet [72] shows a low displacement of

less than 1µm and no measurement of the acoustic pressure generated in the coupler was made. Another

loudspeaker, based on a single turn micro-coil integrated on a polyimide diaphragm with a permanent

Nd-Fe-B magnet [73] gave a high sound pressure level in lower frequencies (105 dBSPL at 100 Hz) but the

loudspeaker was unfortunately not measured in a standard ear-occluded coupler. Another loudspeaker

with an optimized magnetic circuit using soft magnets [74] generated a low displacement of less than

1 µm. Lastly a loudspeaker with a PDMS membrane [75] generated a sound pressure level of 110 dBSPL

at 1.5 kHz but of only 70 dBSPL at 125 Hz.

For the electrostatic transduction, interesting results were obtained using a new type of geometry, based on

an in-plane displacement of deformable silicon beams [76�78]. Due to the use of an in-plane displacement,

as opposed to out-of-plane displacement, the footprint of the device is reduced as the depth of these

membranes increases the e�ective radiation area. The use of electrostatic transduction makes the device

easy to manufacture using classical microfabrication processes.
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(a) (b)

Figure 1.31: Frequency response of the microloudspeaker in an IEC 60318-4 coupler (a) and picture of

this microloudspeaker (b) adapted from [76]

As it can be observed in Figure 1.31(a), the frequency response of the loudspeaker is close to the

frequency response of the coupler presented in Figure 1.27(a) which would suggest the loudspeaker is

behaving as an equivalent piston in the whole frequency range. Despite the correct behavior of the device

in the whole audio range, the acoustic pressure in the low frequencies is not su�cient and due to the

inherent nonlinear behavior of the electrostatic transduction, a high THD of more than 30 % an octave

below the resonance of the coupler is observed. The use of multiple cells should increase su�ciently the

sound pressure level, and based on the nonlinear models [79, 80] the THD could be corrected. Another

loudspeaker using a metal membrane with a polymer seal is showing similar sound pressure levels [81],

but due to the sealing polymer, the loudspeaker is not compatible with CMOS processes.

For piezoelectric transduction, an abundance of notable results are presented in the literature. Based on

a simple manufacturing process using a Silicon On Insulator (SOI) wafer and using the thermoviscous

layer as the sealing between four triangular actuators, a pressure of 110 dBSPL was reached at 1 kHz with

an actuation voltage of 20 V. Unfortunately, the pressure at 20 V was equalized to �at, and only the

sound pressure level at 2 V is presented. It shows a pressure of more than 130 dBSPL at the resonance

of the coupler. The overall pressure is around 105 dBSPL in the whole frequency range. As the previous

loudspeaker, the similarity between the curve and the transfer function of the coupler depicted in Figure

1.27(a) suggests that the loudspeaker behaves as a piston in the audio range. The decrease of the level

in the lower frequencies could be attributed to an acoustic leak in the measurement setup, or due to the

thin interstice of the membrane.
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(a) (b)

Figure 1.32: Frequency response of the loudspeaker in an IEC 60318-4 coupler (a) and picture of this

microloudspeaker (b) adapted from [82]

A very similar loudspeaker using AlN was presented in [83]. Similar loudspeakers, with di�erent shapes,

using bending piezoelectric actuators and a thin interstice as the sealing were presented in [84, 85]. Using

meandering piezoelectric bending actuators and a rigid radiating element, a pressure of 80 dBSPL around

1 kHz was demonstrated [86]. In [87] a pressure of 120 dBSPL at 4.2 kHz was generated by a loudspeaker

manufactured using a Si-parylene composite diaphragm and a PZT actuator. Others loudspeakers with

meandering and a rigid radiating element have shown the feasibility of piezoelectric MEMS loudspeaker

for in-ear applications [88�91]. Commercial piezoelectric MEMS loudspeakers are already available, such

as the UT-P 2018 manufactured by Usound and presented in [92]. It uses two bending actuators facing

each other and pushing an heterogeneously assembled rigid membrane, guided out of the plane with a

polymer suspension. The loudspeaker is very similar in shape as the one depicted in Figure 1.17(b). The

frequency response of the loudspeaker inside a standard coupler is presented in Figure 1.33(a), as well

as a mechanical drawing of a cross-section of the loudspeaker inside the ear-occluded coupler in Figure

1.33(b).
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(a) (b)

Figure 1.33: Frequency response of the loudspeaker in an IEC 60318-4 coupler (a) and a drawing of a

cross section of the loudspeaker mounted on the coupler (b) taken from [93]

The resonance of the loudspeaker can be observed in the audio range, around 3 kHz. Although having a

resonance in the audio range is not recommended, the displacement and force generated by piezoelectric

bending actuators is linked by their sti�ness and a simple way of increasing the latter is to reduce

the resonance frequency. The decrease of the radiated sound pressure above the resonance frequency

predicted with the one dimensionnal model of Figure 1.4 is compensated by the modes of the coupler,

and the loudspeaker radiates more than 110 dBSPL in the whole audio bandwidth.

1.6 Speci�cations and Design Choices

From the loudspeakers presented in Section 1.5 and 1.4, a single value to characterize the performance

of micro-loudspeaker is chosen. The comparison of all frequency responses of the loudspeaker shows that

the resonance frequency of MEMS loudspeakers are very rarely below 1 kHz. At this frequency, only one

loudspeaker of the literature radiates at least 80 dBSPL. As loudspeakers behave as high pass �lters in free

�eld and the critical lowest frequency for the smartphone market seems to lean around 1 kHz with a back

cavity of 1 cm3, the target is �xed as a pressure of at least 80 dBSPL starting at 1 kHz. For smartphone

use, the industry standard for footprint is approximately 165 mm2. To reduce the manufacturing cost

and make loudspeakers compatible with smaller devices, such a smartwatches, the chosen upper limit for

the footprint is 100 mm2. The pressure radiated by loudspeakers of the literature in free �eld, as well as

the targeted zone is summarized as the radiated sound pressure level at 1 kHz at 10 cm as a function of

the footprint in Figure 1.34.
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Figure 1.34: Sound pressure level at 10 cm and 1 kHz of MEMS loudspeakers of the literature whose

performance are recalled in Table 1.2

Table 1.2: Sound pressure level and footprint of MEMS loudspeakers of the literature for free �eld appli-

cations

Reference Number Transduction Date SPL at 1 kHz at 10 cm (dBSPL) Footprint (mm2)

continues on next page
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Table 1.2: Sound pressure level and footprint of MEMS loudspeakers of the literature for free �eld appli-

cations

[15] 1 Electromagnetic 2012 80 490

[49] 2 Electrostatic 2015 50 15

[51] 3 Electrostatic 2014 15 0.785

[52] 4 Electrostatic 2007 30 0.5

[38] 5 Electrostatic 2020 38 7.5

[56] 6 Piezoelectric 2015 68 1359

[41] 7 Piezoelectric 2005 59.5 25

[42] 8 Piezoelectric 2009 58 3.14

[36] 9 Piezoelectric 2019 40 28

[33] 10 Piezoelectric 2020 60 28

[43] 11 Piezoelectric 2009 65 360

[94] 12 Piezoelectric 2015 46 50

[35] 13 Piezoelectric 2021 65 28

[95] 14 Piezoelectric 2009 25 20

[96] 15 Piezoelectric 2000 34 25

[63] 16 Thermoacoustic 2014 26 100

[97] 17 Piezoelectric 2014 72 621

[93] 18 Piezoelectric 2019 50 12

[98] 19 Thermoacoustic 2013 10 31

Similarly, the pressure generated by loudspeakers at 100 Hz in ear-occluded couplers is presented in

Figure 1.35. The comparison is more di�cult, due to the lack of standardization in the measurement

setups, and only eight loudspeakers are compared. Some sound pressure levels are extrapolated from

the available data. This comparison shows than no MEMS loudspeaker is able to radiate more than

120 dBSPL. Although this acoustic pressure could cause damage to the human ear at some frequencies,

the human ear is not so sensitive to lower frequencies, as it can be observed on the Fletcher-Munson

curves [99]. Also, since the sixties, the frequency content in the lower frequency range has signi�cantly

increased [100], thus the need to have a high level of pressure in the lower frequencies of the audio range.

Finally, reaching a higher level of pressure could result in a lower THD at lower levels.
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Figure 1.35: Sound pressure level at 100 Hz radiated in a coupler of MEMS loudspeakers of the literature

whose performance are recalled in Table 1.3

Table 1.3: Sound pressure level in coupler and footprint of MEMS loudspeakers of the literature for in-ear

applications

Reference Number Transduction Date SPL at 100 Hz in a coupler (dBSPL) Footprint (mm2)

[88] 1 Piezoelectric 2020 62 1

[37] 2 Piezoelectric 2021 67 4

[75] 3 Electromagnetic 2011 70 9.6

[34] 4 Piezoelectric 2021 62 10.4

[76] 5 Electrostatic 2019 68 15.9

[89] 6 Piezoelectric 2020 81.4 16.2

[82] 7 Piezoelectric 2018 107 16

[73] 8 Electromagnetic 2017 106 25

The design is focused on the free �eld characteristic presented in Figure 1.34, as it is harder to obtain a

high sound pressure level at a low frequency, and because loudspeaker designed for free �eld applications

can be adapted to be used for in-ear applications, contrarily to the opposite.
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Figure 1.36: Choice of methods for sound reproduction using a MEMS loudspealer

After an exhaustive review of the recent literature, the application and the working principle of the

loudspeaker is de�ned. A few MEMS loudspeakers are already commercialized for in-ear and over-ear

applications, and if good performance for free �eld applications are reached, it would be bene�cial for

in-ear applications as well, as the frequency response of the loudspeaker can be acoustically modi�ed to

full�ll the requirements. Bone conduction is too di�cult to characterize, and although the displacement

and force reached by MEMS devices could be compatible with this type of sound reproduction, the per-

ceived sound quality would need to be estimated through psychoacoustic studies, as there is no guideline

for this type of sound reproduction devices. Loudspeakers based on nonlinear transduction and more

precisely digital loudspeaker are not exhibiting encouraging results in the recent literature. For other

nonlinear sound reproduction principles, such as the parametric array, the required level for the nonlinear

propagation in air is not compatible with the small size of MEMS devices. Piezoelectric transduction

is chosen, mainly because of its great compatibility with microfabrication processes. Electrodynamic

MEMS loudspeakers show great performance, but permanent magnet are di�cult to manufacture. Elec-

trostatic loudspeaker do not provide su�cient displacement and sound pressure level. Thermoacoustics

loudspeaker do not provide a su�cient sound pressure level and have usually a poor e�ciency. The chosen

loudspeaker is a linear loudspeaker, with a pistonic motion, actuated by bending piezoelectric actuators.

1.7 Chapter Conclusion

In this chapter, the pioneer and recent research for the development of MEMS loudspeaker was reviewed,

for free �eld and in-ear applications. From this review, the performance for both applications were

summarized into the pressure radiated at respectively 100 Hz and 1 kHz as a function of the active area.

This classi�cation highlighted that no MEMS loudspeakers were able to radiate 120 dBSPL or more at

100 Hz for an active surface smaller than 40 mm2, and able to radiate 80 dBSPL or more at 1 kHz, for an

active surface of less than 100 mm2. By observing the geometry used for the best performing loudspeakers

in this review, the method for the transduction is chosen to be piezoelectric bending actuators.
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2.1 Design Methodology

In this chapter the design of the loudspeaker �rstly based on a lumped element model is detailed.

Figure 2.1: Design loop where the optimisation of the linear parameters appears in blue, and the opti-

mization using �nite element modeling and state space modeling appears in red

In Figure 2.1, the design loop used for the conception of the loudspeaker is presented. It starts with the

choice of speci�cations and the choice of the method for sound reproduction, as de�ned in Section 1.6

after the literature review of the recent development concerning MEMS loudspeakers. This review gives

a sound pressure level of at least 80 dBSPL at 1 kHz for a footprint of less than 100 mm2. The method of

sound reproduction, also de�ned in Section 1.6 is by using a linear transduction and piezoelectric bending

actuators. From the speci�cations and the method, the lumped element model whose elements are

described one by one in Section 2.2 is used to de�ne the required linear characteristics of the loudspeaker,

such as the maximum displacement, the size of the radiating surface, the dimensions, the actuation

voltage and the thickness of the bending actuators in Section 2.3. This optimization process is looped
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until the targeted performance is reached. If the targeted performance is not attained after multiple trials,

the method or the target might be reevaluated. If the target is reached, a combination of �nite element

method and state space modeling, described in Sections 3.2 and 3.4 respectively, is used to evaluate the

modal behavior, the linearity, the stress and other more complex aspects of the loudspeaker. During this

second design phase, performance are usually revised downwards and a revision of the linear parameters

de�ned by the lumped element model could be reassessed. If after a few iterations the performance are

not reached, the method and the target could be modi�ed again. The manufacturing process, presented

in Chapter 4, is de�ned concurrently to the nonlinear and three-dimensional model of the loudspeaker,

until a complete manufacturable and high-performance design is reached.

2.2 Lumped Element Modeling

2.2.1 General Structure

(a) (b)

Figure 2.2: 3D (a) and 3D cross-section (b) views of the main version of the designed loudspeaker

As it is shown in Figures 2.2(a) and 2.2(b), the loudspeaker is composed of a central square rigid sti�ened

plate, a square frame, and lateral openings on the sides for the contacts to the electrodes. The loudspeaker

is composed of two wafers, a wafer featuring the actuators and a wafer featuring the moving plate. A

sketch of the principle of the loudspeaker, which is highlighted in blue the cut view of Figure 2.2(b) is

shown in Figure 2.3.
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Figure 2.3: Half cross section sketch of the principle of the designed loudspeaker in which the light gray

and light blue parts represent the undeformed structure

Flexible layers of silicon of length L are covered with approximately half their length with a piezoelectric

layer. Due to symmetry on the x axis at x = 0, the tip of the cantilever is guided, carrying a rigid plate

that can only move along z. Under the electric �eld created by the potential di�erence between the top

electrode, above the piezoelectric layer, and the bottom electrode, below the piezoelectric layer, a strain

appears along the x axis, inside the piezoelectric layer. The latter of thickness tp being �rmly attached to

the elastic layer of thickness tm, the actuator bends, adopting a clamped-guided shape along x. The force

Fbl is the force needed to block the plate when the actuators are subjected to the maximum admissible

voltage. The resulting displacement δ0 is the maximum displacement of the plate with no external load,

along the z axis. Instead of using a classical surround to avoid the rear acoustic waves to interact with

the front acoustic waves, the plate moves in a frame, whose dimensions are 2ws wider than the plate, to

avoid the back acoustic waves to interact with the front acoustic ones.

(a) (b)

Figure 2.4: Strain resulting from an applied input electric �eld on a ferroelectric material (a) and output

signals for a symmetric and asymmetric input sinusoidal signals applied to such a material

(b)
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The piezoelectric material used is ferroelectric and the relation between the input electric �eld E and

the resulting longitudinal strain s is highly hysteretic and nonlinear. Figure 2.4(a) shows the typical

ferroelectric loop of the piezoelectric material, which is linked to the material behavior described in

Section 1.4.2 in Figure 1.14. For small electric �elds, the material behaves as a piezoelectric material,

and the input signal, depicted in red in Figure 2.4(b) is correctly reproduced. For larger electric �elds,

the material is successively polarized and unpolarized and the output strain signal is strongly altered,

with the negative part reversed. This shifts the pulsation ω of the input signal to a pulsation 2ω in the

output signal. To circumvent this e�ect, an o�set of half the input dynamic is used, and the path A is

used, highlighted in red in Figure 2.4(a). Figure 2.4(b) depicts a sinusoidal signal as the input signal

and the output 1 signal is the output signal for a low input voltage, such as the material behaves as a

piezoelectric material, and output 2 is the output strain signal for a high input electric �eld, with the

negative part of the input signal reverted similarly to the output of a recti�er bridge.

2.2.2 Equivalent Electrical Circuit

The loudspeaker mainly behaves as a second order oscillator, actuated with a piezoelectric actuator, and

the behavior of such a loudspeaker can be predicted using an assembly of the equivalent electrical circuits

depicted in Figures 1.15 and 1.2, on which a rigid plate of surface Sd, represented as a transformer of the

same ratio is added. The counter-force acting on the plate due to the air is represented as the complex

impedance Zr. The complete schematic is represented in Figure 2.5.

iin
Rg

Cp

1:γ v

uin Fin

Rms Mms
Cms

Sd:1

Zr

Q

Figure 2.5: Linear lumped equivalent network of the loudspeaker

From the equivalent circuit depicted in Figure 2.5, the mechanical impedance of the moving part, seen

from the electromechanical transducer can be expressed as

Zm = Rms + jωMms +
1

jωCms
+ ZrS

2
d (2.1)

and the velocity of the moving part of the loudspeaker is calculated using

v =
Fin
Zm

. (2.2)

2.2.3 Actuators

The capacitor Cp, the apparent compliance Cms and the transduction factor γ are determined using

a model of the piezoelectric bending actuators, based on Bernoulli's equation. Contrarily to what's

depicted in Figure 2.6, and due to the symmetry of the loudspeaker, the cantilever end is guided. Due

to the boundary conditions, the actuators are considered as cantilevers.
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Figure 2.6: Bottom part of the loudspeaker manufactured in the wafer 1

Only a part of the length of the actuators is covered with piezoelectric material. Figure 2.7 schematically

represents the actuators of the loudspeaker. L is the length of the actuator and Fbl is the force needed

to prevent the tip from moving. The plate is analytically represented as two di�erent beams, connected

together at a length = −βL.

Figure 2.7: 3D schematic of a cantilever

Both beams follow the Bernoulli beam integral, and the following equations can be written

M1(x) = −EI1
∂2w1

∂x2
+ zp and (2.3)

M2(x) = −EI2
∂2w2

∂x2
(2.4)

with EI1 the equivalent Young modulus times the moment of inertia for the �rst beam section, w1 the

displacement pro�le of the �rst section of the beam and zp = zWe31 the electromechanical coupling of

the piezoelectric layer and considering the simpli�cation described in Equation 1.15, with W the width of

the beam, z the distance from the middle of the piezoelectric layer to the neutral axis of the elastic beam

and the piezoelectric layer and e31 the transverse piezoelectric constant. Using the relevant boundary

conditions for the guided and clamped ends, and the continuity relations between the two section of the

beams, the displacement pro�le can be expressed as a function of x

w1(β) = −L
2uinzp(−1 + β)2(−1− 3τ + 8βτ)

2EI1(1 + 14τ + τ2)
and (2.5)

w2(β) = −L
2uinzpβ

2(−5 + 8β + τ)

2EI1(1 + 14τ + τ2)
, (2.6)
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with τ = EI1/EI2. The de�ection pro�le for a clamped-guided cantilever is depicted in Figure 2.8(a)

and for a clamped end in Figure 2.8(b) for di�erent normalized input voltages.

(a) (b)

Figure 2.8: De�ection pro�le of a clamped-guided (a) and clamped-clamped (b) beam, actuated with a

piezoelectric layer

As it can be observed from Figure 2.8(b), the di�erence of bending sti�ness of the beam is not signi�cantly

in�uenced by the piezoelectric layer, as long as the piezoelectric layer thickness is small compared to the

thickness of the elastic layer. Using the equation of the clamped-clamped beam, the blocked force is

determined and can be expressed as

Fbl = − 24zpτuin
L(1 + 14τ + τ2)

. (2.7)

Using all the di�erent possible combinations of boundary conditions, the electromechanical coupling of

the beam can be written in a matrix form, linking the output force F and torque M , with the angular

displacement θ and the displacement δ of the beam along y and uin the input voltage, applied to the

piezoelectric layer such as

F
M

 =


96EI1τ(1 + τ)

L3(1 + 14τ + τ2)

24EI1τ(1 + 3τ)

L2(1 + 14τ + τ2)

24EI1τ(1 + 3τ)

L2(1 + 14τ + τ2)

8EI1τ(1 + 7τ)

L(1 + 14τ + τ2)


δ
θ

+

−
24zpτ

L(1 + 14τ + τ2)

zp(−5 + τ)τ

1 + 14ττ2

uin. (2.8)

Using the blocked force Fbl and the free displacement δ0, the apparent compliance of the beam can be

written as

Cms =
δ0

2Fbl
. (2.9)

The limitation of this model is discussed in Section 3.2.9.

2.2.4 Residual Stress

An important point in MEMS manufacturing is the presence of residual stress in materials. This e�ect

is signi�cative for thermal oxide layers. For the actuators, the existence of residual stress in the oxide
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layer in�uences their apparent sti�ness. Due to the thicknesses of the di�erent layers (given in Chapter

4), the e�ect of the residual stress of the oxide layer is considered the most important. From the model

of the piezoelectric actuator in Section 2.2.3, an additional term describing the moment created by the

residual stress along the beam is added into Equations 2.3 and 2.4 and they are rewritten such as

M1(x) = −EI1
∂2w1(x)

∂x2
+ zp +Nw1(x) (2.10)

and

M2(x) = −EI2
∂2w2(x)

∂x2
+Nw2(x) (2.11)

with N = σ0Wto, σ0 being the residual stress, W being the width of the actuator and to being the

thickness of the layer carrying the residual stress. Solving this equation for the two sections of the beam

and applying the continuity conditions between the two beams, and the correct boundary conditions, the

pro�le of the beam can be computed and writes

w1(x) =

e
−L
√
Nβ√
EI1

(
e
L
√
N√

EI1 − e
L
√
Nβ√
EI1

)2

Lzp

2

(
−1 + e

− 2L
√
N√

EI1

)√
EI1
√
N

(2.12)

and

w2(x) =
1

8

(
−1 + e

2L
√
N√

EI1

)
EI1
√
N

e
−L
√
Nβ√
EI1 Lzp

(
4e

2L
√
N√

EI1 + 4e
2L
√
N√

EI1 − 8e
L
√
N(1+β)√
EI1 L

√
N(1− 2β)2 − e

L
√
N(2+β)√
EI1 L

√
N(1− 2β)2

)
.

(2.13)

These equations allow to display the bending pro�le of the actuators with respect to the internal residual

stress of an equivalent layer. As expected, the apparent sti�ness of the actuators changes with the residual

stress, as it can be seen in Figure 2.9. The performance are directly a�ected by the residual stress because

it decreases the free displacement of the cantilevers. Although the e�ect of the residual stress might be

overestimated compared to the results of �nite element models, it shows that the residual stress has an

in�uence on the behavior of the actuators and need to be taken into account.
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(a) (b)

Figure 2.9: De�ection of a cantilever with and without residual stress in an oxide layer (a) and cross

section sketch of a cantilever with residual stress in one layer (b)

2.2.5 Electrical Circuit

The electrical parameters of the equivalent circuit are determined from dimensions and materials prop-

erties. The resistor Rg represents the resistance in the conductive path from the output of the ampli�er

to the piezoelectric actuators. The resistance of an homogeneous conductor can be calculated using

Rc =
ρAuLc
Wctc

(2.14)

with ρAu the resistivity of gold, Lc the length of the conductor, Wc the width of the conductor and tc
the thickness of the conductor, as described in Figure 2.10.

Figure 2.10: 3D schematic of a microfabricated metallic conductor

The capacitance Cp is determined by the dielectric constant of the piezoelectric material and the dimen-

sions of the electrodes. The permittivity of the piezoelectric material is found in the reduced Equation

1.15. The capacitance writes

Cp = εrε0
Ap
tp

(2.15)

with εSr the relative permittivity of the dielectric material, ε0 the vacuum permittivity, Ap = LcWc

the surface of piezoelectric material and tp the thickness of the piezoelectric layer. The full electrical

circuit includes a parallel resistor as well, representing the leakage current from the top electrode to the

bottom electrode. The value of the resistance is di�cult to determine analytically [101]. The complete
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electrical circuit is presented in Figure 2.11, including a series resistor Rs, representing the losses in the

dielectric material during the conduction of the capacitor. A Zener diode is also included, representing

the breakdown voltage of the piezoelectric material, above which a current with a null frequency can �ow

though the dielectric material.

Rgiin

Cp

Rs

Rp

Figure 2.11: Equivalent electrical circuit of the electrical connections and of the piezoelectric layer

2.2.6 Damping

The damping taken into account in this section is the dissipative phenomena occurring between the

moving plate and the frame of the loudspeaker. The slit between the moving plate and the frame as well

as the physical relevant physical quantities are represented in Figure 2.13(a).

(a) (b)

Figure 2.12: 3D schematic (a) and zoom on the 3D view of Figure 2.2 (b) showing the thin interstice

between the mobile plate and the �xed frame of the loudspeaker

The air being a viscous �uid, the harmonic translation of the plate along z creates a shear stress in the

�uid. This shear stress is creating a force, opposed to the displacement of the plate. This damping is

known to be a viscous damping. Considering a viscous �uid, the reaction force can be determined using

the reduced Navier-Stokes equation for a Couette �ow such as

µ
∂2vi(x, z)

∂x2
=
∂p

∂z
(2.16)

with vi(x, z) the out-of-plane �uid velocity inside the interstice, p the pressure inside the interstice and

µ the dynamic viscosity coe�cient of the �uid. By neglecting the pressure gradient created by the
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displacement of the plate inside the air interstice, the velocity of the �uid inside the interstice can be

assumed to be a linear function of x. Using the boundary conditions vz(x = 0, z) = 0 and vz(x = ws, z) =

v, the force created by the viscosity of the �uid in the interstice and acting on the plate can be written

as [102]

Fi =
µtplls
ws

v (2.17)

with tpl the thickness of the plate, ls the perimeter of the plate and ws the width of the interstice,

indicating that the force is proportional to the velocity of the plate, which leads to an equivalent resistor

Rms representing the viscous damping written as

Rms =
µtplls
ws

. (2.18)

This e�ect also avoids the acoustic short-circuit between the front and the back side of the plate, as

the velocity �eld of the volume of air between the plate and the frame is determined by the boundary

conditions and the velocity of the plate due to the viscous e�ect. The velocity of the �uid surrounding a

plate moving with a harmonic velocity v = v0e
jωt in the z direction can be determined starting from the

expression of the shear stress in the interstice determined as

χ(x) = µ
∂v

∂x
(2.19)

where χ is the shear stress in the �uid. Equation 2.19 describes the proportionality between the variation

of the velocity along the x axis and the resulting shear stress. They are linked by the dynamic viscosity

coe�cient of the �uid µ. The total drag force is then the integration of the shear stress of Equation 2.19

over the axis x such as

χ(x)− χ(x+ dx) = −∂χ
∂x

∂x. (2.20)

By replacing χ by its expression, the equation for the x axis becomes

ρ
∂v

∂t
= µ

∂2v

∂x2
. (2.21)

By solving this second order homogeneous di�erential equation, the pro�le of the velocity along x can be

determined and writes [103]

vi = ve
−y
δν e

jy
δν (2.22)

with δν =
√

ρ0ω
2µ , with ρ0 the air density at ambient temperature. In Figure 2.13(b), the velocity pro�le

of the �uid at di�erent frequencies is presented. At the vicinity of the boundary, the �uid and the plate

have the same velocity. Under a certain interstice dimension, the interstice has the same velocity as the

plate, and so, no acoustic short-cut occurs. The size of the layer is frequency dependent and can be

plotted against frequency, as depicted in Figure 2.13(a).
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(a) (b)

Figure 2.13: Critical thickness of the viscous layer, in which the velocity in the layer is entirely determined

by the velocity of the plate (a) and pro�le of the velocity of the �uid inside the interstice

for di�erent frequencies (b)

2.2.7 Squeeze Film

The second part of the damping considered in the model is the damping due to the squeeze �lm e�ect

behind the moving structure of the loudspeaker. The squeeze �lm e�ect is an e�ect occurring in thin layers

of air trapped between moving structures. It is widely studied in MEMS, because it is determinant in

structures that need a high quality factor [104]. In the case of a macroscopic structure such as the present

loudspeaker, the e�ect might be negligible, but can degrade the performance around the resonance. A

sketch describing the e�ect is presented in Figure 2.14(a).

(a) (b)

Figure 2.14: Sketch of the squeeze �lm e�ect (a) and squeeze �lm impedance for di�erent gap height (b)

The model derived in [105] for the case of two parallel plates with an open perimeter writes

Fsf = abP0

∑
m,n=odd

64

π2m2n2
−jση

jσ +m2π2 + β2n2π2

h

h0
ejωt (2.23)

with Fsf the reaction force acting on the moving plate, β the ratio between the width and the length of
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the plate, h the amplitude of the displacement, h0 the gap height between the two plates, and σ a non

dimensional number de�ned by

σ =
12µa2ω

%h20P0
(2.24)

with µ the viscous coe�cient of the �uid trapped between the plates, % = 1 for an isothermal process

and P0 the static pressure. Using the expression of the velocity, and replacing the expression of the

displacement, the squeeze �lm impedance experienced mechanically by a plate of surface ab = 100 mm2

can be plotted as a function of frequency, for di�erent gap heights. As it can be seen in Figure 2.26,

two frequency ranges can be identi�ed. The �rst frequency range is dominated by the resistance e�ect.

The �uid has a su�cient amount of time to escape and the shear stress creates a pure resistive load on

the plate. A critical frequency can be seen, at which the real and imaginary parts of the impedance are

equal. Above this frequency, the �uid is not escaping the interstice between the moving structure and the

frame and this adds a spring load to the plate. For the expected dimensions of the loudspeaker which are

a surface of approximately 100 mm2, and a thickness below 1 mm, the critical frequency is far above the

audio range, and the e�ect observed is mainly resistive, thus mainly a�ecting the damping in the system.

2.2.8 Radiation

To approximate the sound pressure level generated by the moving plate, the loudspeaker is assumed to

be �ush mounted inside an in�nite ba�e, and the plate is assumed to be a rigid body. A schematic of a

rigid rectangular plate is depicted in Figure 2.15. The irregular gray shape represents an in�nite surface

of coordinates (x, y, 0), within which an in�nitesimal surface dx′dy′ moves with a velocity v(x′, y′, z′)

normal to the plane. The pressure at the point (x, y, z), whose position to the origin is characterized by

the di�erence between vector r and the vector r′ is noted p(x, y, z).

Figure 2.15: Geometric representation of the Rayleigh integral

The pressure at the point of coordinates (x, y, z), generated by the plane surface Sd can be evaluated

using Rayleigh integral such as

p(x, y, z) =
−jρ0c0k0

2π

x

Sd

v(x′, y′, 0)
ejk0|r−r

′|

|r− r′|
dx′dy′ (2.25)
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with c0 the acoustic velocity at ambient temperature and k0 the wavenumber. Considering the far �eld

condition, such as |r− r′| >>
√
Sd, using k0c0 = ω and considering a rigid surface, the Rayleigh integral

reduces to [106]

p(r) = −jωρ0vSdk0
ejk0r

2πr
(2.26)

with r = |r− r′|, the distance between the source and the evaluation point. This makes the acceleration

α = jωv appears and con�rms that the radiated acoustic pressure is proportional to the acceleration, as

described in Section 1.2. This allows to compute the pressure �eld generated by the surface Sd. From

the equivalent electrical circuit of the loudspeaker and by adding the directivity term, this leads to

p(r, θ, φ, ω) = −jωρ0Sd
Fin

Rms + jωMms + 1
jωCms

+ ZrS2
d

sin θa
2 sin φb

2

θφab

ejk0r

2πr
(2.27)

The second term is the variation of the sound pressure level as a function of the angle for a rectangular

plate [107]. For loudspeakers with dimensions in the millimeter range, the directivity only creates a

signi�cant e�ect for frequencies above the audio frequency range, as depicted in Figure 2.16.

(a) (b)

Figure 2.16: Pressure relative to the low frequency pressure as a function of the angle θ for φ = 0 (a) and

φ = π/4 (b)

No rear coupling of the loudspeaker is considered, in order to compare the lumped element model with

the �nite element model and decreasing the computational cost of this latter. It is also demonstrated

later that the squeeze �lm e�ect is not signi�cantly a�ecting the radiated sound pressure generated by the

loudspeaker. The normalized radiation impedance of a rectangular plate �ush-mounted into an in�nite

ba�e can be written [108]

Zr
Z0

= Θ + jX (2.28)

with
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Θ =1− 2

πk20ab

(
1 + cos k0

√
a2 + b2 + k0

√
a2 + b2 sin k0

√
a2 + b2 − cos k0a− cos k0b

)
+

2

π


√

1+(b/a)2∫
1

√
1− 1

x2
· cosxk0adx+

√
1+(a/b)2∫
1

√
1− 1

x2
· cosxk0bdx

 (2.29)

and

X =
2

πk20ab

(
k0(a+ b) + sin k0

√
a2 + b2 − k0

√
a2b2 cos k0

√
a2 + b2 − sin k0a− sin k0b

)
+

2

π


√

1+(b/a)2∫
1

√
1− 1

x2
· sinxk0adx+

√
1+(a/b)2∫
1

√
1− 1

x2
· sinxk0bdx

 (2.30)

with a and b the length and width of the plate respectively and Z0 = c0ρ0 the characteristic impedance

of air at ambient temperature.

(a) (b)

Figure 2.17: Real (a) and imaginary (b) part of the radiation impedance for a circular rigid plate, a square

rigid plate and a rectangular rigid plate with an aspect ratio of 10 and of same surface Sd,

�ush-mounted in an in�nite ba�e

Figure 2.17 shows the similarity between the radiation impedance of a square plate and a circular plate

of the same surface. A signi�cant di�erence appears only for rectangles with a higher aspect ratio. The

computationnal cost of the model can be reduced by using the radiation impedance of a circular plate

with the same surface that writes

Zr
Z0

= Sd

(
1− J1(2ka)

ka
+ j

H1(2ka)

ka

)
(2.31)
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with J1 the Bessel function of the �rst order and of the �rst kind and H1 the Hankel function of the

�rst kind. The theoretical calculation can be found in [109]. To further reduce the computational cost

of the model, a low frequency approximation can be made. If k0a << 1, the radiation impedance can be

approximated by [110]

Zr
Z0

=
Sd
2
k20a

2 + j
8Sd
3π

k0a. (2.32)

The imaginary part and the real parts are presented in Figure 2.17 as well. They can be separated and

simulated in the equivalent circuit as a resistor and a inductor, translating into an added damping and

an added mass in the behavior of the loudspeaker. For microloudspeakers whose membrane dimension is

10 mm, this approximation is reasonable up to 5 kHz. For a microloudspeaker with average characteristics,

the radiation impedance of the membrane is not signi�cantly in�uencing the velocity, as depicted in Figure

2.18(a). The radiation impedance in�uences the velocity of the loudspeaker around the resonance only

for surfaces of around 0.05 m2.

(a) (b)

Figure 2.18: In�uence of the radiation impedance calculated with Equation 2.31 on the velocity of a

typical microloudspeaker such as the one reviewed in Section 1.4.1 (a) and frequency response

of a loudspeaker calculated using Equation 2.27 for di�erent quality factor Q (b)

Using Equation 2.27, the pressure generated by a loudspeaker whose parameters Cms and Mms are

arbitrarily chosen and for which Rms is calculated from the mechanical quality factor Qms such as

Rms =
1

Qms

√
Mms

Cms
(2.33)

with the quality factor value set to Qms = 10, which corresponds approximately to the value observed in

the literature for millimetric MEMS loudspeakers, and the �gure is normalized to the resonance frequency

of the mechanical oscillator fs that is de�ned as

fs =
1

2π
√
CmsMms

. (2.34)

The loudspeaker mainly behaves as a second order high pass �lter, because the electrical impedance and

the radiation impedance do not in�uence the mechanical behavior of the system. Figure 2.18(b) depicts

the frequency response, normalized in frequency and amplitude of a piezoelectric loudspeaker simulated

with the equivalent circuit of Figure 2.5. It shows the in�uence of the mechanical quality factor on the
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pressure response, and that the ideal damping should critically damp the oscillator, in order to have a �at

frequency response. This frequency response is the starting point of the design, and gives the radiated

sound pressure level in the bandwidth and the resonance frequency that needs to be optimized while

keeping a small footprint, in order to place the design in the target of Figure 1.34.

2.2.9 In-Ear

For a loudspeaker radiating in a coupler, the radiation impedance Zr of the circuit depicted in Figure 2.5

can be replaced by the equivalent circuit of the coupler presented in Figure 1.28. By using Equation 2.1

and Equation 2.2, the velocity of the moving plate of the membrane of the loudspeaker can be calculated

and the pressure at the microphone of the coupler is estimated using the transfer impedance of the coupler

derived in Equation 1.20. The pressure can be expressed as

pout = SdvZcTf . (2.35)

The frequency response of a loudspeaker radiating in a IEC ear-occluded coupler is calculated for three

di�erent loudspeakers and is depicted in Figure 2.19.

(a) (b)

Figure 2.19: Pressure at the coupler for arbitrary values of Cms and Mms (a), and for di�erent leak

resistors Rle (b)

In Figure 2.19(a), the pressure inside the coupler is calculated for arbitrary pairs of parameters Cms and

Mms. Both resonances of the coupler, at approximately 11.2 kHz and 21 kHz are not a�ected by the

parameters of the loudspeaker. As described in Section 1.2, the overall shape of the pressure is similar to

a low pass �lter, whose cut-o� frequency is determined by the resonance frequency of the loudspeaker in

the coupler, that can be simpli�ed by the resonance frequency of the loudspeaker, sti�ened by the main

cavity of the coupler, represented by C1. In reality, it is very di�cult to obtain a perfect seal between the

loudspeaker and the coupler, and the acoustic leak is generally represented as a resistor Rle, in parallel

with the coupler. Modifying the transfer function and the impedance of the coupler leads to

Zcl =
ZcRle
Zc +Rle

. (2.36)

The modi�cation of Zc also leads to a modi�cation of the transfer function Tf as well. The frequency

response of a loudspeaker inside the coupler is depicted in Figure 2.19(b). Due to the leak, the frequency
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response is not �at in the lower frequency range. For lower values of acoustic resistance, the quality

factor of the resonances of the coupler is a�ected. A slight shift of the resonance frequency of the

loudspeaker inside the couple, around 1 kHz is also observed. A lower value of Rle also creates two

additional resonances at 7.2 kHz and 18.7 kHz.

2.2.10 Back Cavity

Although most loudspeaker performance are measured on an in�nite ba�e setup, it is interesting to see

the e�ect of a sealed back cavity on the frequency response, which is more representative of the conditions

of use of a loudspeaker. Figure 2.20(a) represents a loudspeaker mounted in an enclosure.

𝑝(𝒓)𝑢𝑖𝑛 𝒓

(a) (b)

Figure 2.20: Schematic of a loudspeaker with a back cavity (a) and pressure radiated by a loudspeaker

with di�erent sizes of back cavities (b)

Neglecting the di�raction e�ect created by the �nite front ba�e, the back cavity mainly sti�ens the loud-

speaker, and the e�ect can be approximated by adding an equivalent compliance in the equivalent circuit

of Figure 2.5. The equivalent compliance created by a perfectly sealed volume of air Cb, harmonically

compressed by a piston of surface Sd can be written

Cb =
Vb
ρc20

. (2.37)

and the total equivalent compliance of the loudspeaker with the back cavity can be written

Ctot =
CbCms

Cb + CmsS2
d

(2.38)

The resulting radiated sound pressure is presented in Figure 2.20(b), with di�erent back cavity volumes.

Smaller volumes shift the resonance frequency to higher frequencies, and thus reduce the bandwidth.

With a sti�er loudspeaker, the back cavity has less in�uence on the radiated sound pressure level.

2.2.11 Electrical behavior

From the complete equivalent circuit, the electrical impedance of the loudspeaker Ze, which is the input

voltage over the input current can be written
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Ze =
uin
iin

(2.39)

It contains the acoustical impedance converted through the mechanical domain and the mechanical

impedance converted through the electrical domain.

Ze = Rg +
Zm

jωCpZm + γ2
(2.40)

The dissipated electrical power Pe can be written as the ratio of the input voltage squared over the real

part of the electrical impedance such as

Pe =
u2in
<(Ze)

(2.41)

and Qe, the reactive electrical power writes

Qe =
u2in
=(Ze)

. (2.42)

The real and imaginary parts of the impedance Ze are depicted in Figure 2.21(a). In low frequencies, below

the mechanical resonance of the system, the electrical impedance is dominated by the imaginary capacitive

impedance of the piezoelectric layer. Around the resonance, often referred to as the viscous damping

region, the dissipation due to the mechanical resistor Rms is more signi�cant. Above the resonance, the

real part of the impedance decreases due to the behavior of the mechanical circuit. Considering a constant

voltage over the whole frequency range, the real and active power can be computed and are depicted in

Figure 2.21(b). On the real power, the decrease of the real impedance is translated by a higher electrical

power dissipation above the resonance frequency.

(a) (b)

Figure 2.21: Real and imaginary parts of the impedance (a) and active and reactive power (b) of the

piezoelectric loudspeaker on a arbitrary scale, and as a function of a normalized frequency

2.2.12 Sensitivity and E�ciency

From the radiated sound pressure level and the input electrical power, the sensitivity of the loudspeaker

can be derived. The sensitivity for a macroscopic loudspeaker is usually written as the radiated sound
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pressure level, in dBSPL at 1 m for 1 W of input power. For this loudspeaker, the sensitivity is expressed

as the radiated sound pressure level in dBSPL, at a distance of 10 cm for an input power of 1 mW at 2 kHz.

The sensitivity κ is a frequency dependent parameter and can be calculated for an arbitrary loudspeaker

radiating a pressure p(r) such as

κ =
20 log10

(
p(r)
p0

)
<(Ze)

u2RMS

. (2.43)

For an input signal uin with an o�set to circumvent the ferroelectric e�ect, the root mean square value

writes

uin,RMS =

√
1

T

∫ T

0

(a0 + a1 sin(ωt))
2
dt, (2.44)

with a0 the amplitude of the DC o�set and a1 the amplitude of the input sinusoidal voltage. This leads

to

uin,RMS =

√
a20 +

a21
2
. (2.45)

For a loudspeaker whose frequency response is similar to the one depicted in Figure 2.18(b), with a

quality factor Q = 10 (as it is detailed in Section 2.2.8), the sensitivity of the loudspeaker is calculated

in the audio frequency range and depicted in Figure 2.22(a). For very low frequencies and as the

radiated sound pressure is proportional to the acceleration of the mobile assembly of the loudspeaker,

the sensitivity is very low. The sensitivity of the loudspeaker is maximum at the resonance for a

quality factor of Q = 10 due to the maximum acceleration at this frequency. For higher frequencies, the

sensitivity drops to a very low level due to the decrease of the impedance Ze, leading to a higher current iin.

The e�ciency is the ratio between the radiated acoustic power and the input electrical power. The

acoustic power Pa can be expressed as the surface integral of the acoustic intensity such as

Pa =
x

S

IadS (2.46)

Using both the far �eld and the low frequency assumptions, the source is assumed to radiate hemispherical

waves and the equation reduces to the surface of the hemisphere at the point of estimation and the

acoustical power writes

Pa =
2πr2p(r)2

ρ0c0
(2.47)

and the electroacoustical e�ciency η is then

η =
2πr2p(r)2<(Ze)

ρ0c0u2in
. (2.48)
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(a) (b)

Figure 2.22: Sensitivity (a) and electromechanical e�ciency (b) of a piezoelectric bending actuators loud-

speaker

The electroacoustic e�ciency of a piezoelectric bending loudspeaker is depicted in Figure 2.22(b) for

di�erent values of moving mass Mms. The electroacoustic e�ciency is expected to be lower than 1% in

the bandwidth. The shape is similar to the one of the acceleration of the loudspeaker. A decrease of the

moving mass is advantageous to increase the e�ciency of the loudspeaker.

2.3 Optimization of the Performance

2.3.1 Dimensions

In this section, the main parameters of the loudspeaker, determining the apparent compliance Cms, the

moving massMms, the input force Fin, the height of the coupling block h0 and the width of the interstice

ws of the loudspeaker are determined by varying the thickness of the elastic part of the actuators and

the surface of the device, in order to reach the desired performance. Equation 2.27 shows that the

radiated pressure is proportional to the radiating surface Sd and the input force Fin. For a bending

piezoelectric cantilever and according to Equations 2.8 and 2.9, the input force Fin is proportional to

geometric dimensions and linked to the apparent sti�ness Cms of the system. To �nd the best compromise

of radiated sound pressure level at the resonance frequency fs, multiple frequency responses are calculated

with random pairs of parameters Sd and tm. The directivity term is set to 1, and Equation 2.27 becomes

p(r, ωs) = −jρ0c0Sd
Fin

Rms + jωsMms + 1
jωsCms

+ Zr(ωs)S2
d

ej
ωs
c0
r

2πr
. (2.49)
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(a) (b)

Figure 2.23: Resonance frequency of the loudspeaker as a function of the thickness of the elastic layer

tm and the active area footprint of the device Sd (a) and sound pressure level generated

by the loudspeaker as a function of the same paremeters (b). The sound pressure level is

depicted only for devices whose resonance frequency fs is equal or lower than 1 kHz and a

sound pressure level equal or higher than 80 dBSPL.

Figure 2.23(a) shows that the resonance frequency fs increases with an increase of the thickness tm and

with a descrease of the active area Sd. Figure 2.23(b) shows the ideal parameters to place the loudspeaker

into the target performance of Figure 1.34. It corresponds to a thickness tm from 8 µm to 22 µm, and to

a surface Sd of at least 25 mm2 and leads to pressures from 80 dBSPL to 88 dBSPL.

(a) (b)

Figure 2.24: Displacement of the moving plate for di�erent loudspeaker dimensions Sd (a) and maximum

stress in a clamed-guided beam as a function of the displacement of the guided end for

di�erent beam thicknesses tm (b)

Although an increase of the active area would lead to higher pressures, the surface of the main design

is set to Sd = 36 mm2 due to concentration of stress in the mechanical structure. The concentration of

stress is linked to the maximum displacement of the structure, and the maximum displacement of the

structure is linked to the input force Fin, the apparent compliance Cms, the mechanical quality factor
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Qms and the resonance frequency fs. The displacement as a function of frequency is depicted in Figure

2.24(a) for three di�erent dimensions of the loudspeaker. It shows that for resonance frequencies below

1 kHz, and with a quality factor Qms = 2, the displacement can approach 1 mm. The maximum stress

in a clamped-guided beam σmax can be expressed as a function of the displacement of the guided end of

the beam using

σmax =
3Emtmδ0

L2
(2.50)

by considering a static behavior, by neglecting the e�ect of the piezoelectric layer and by considering

that the input force Fin is constant. The maximum stress as a function of the displacement is depicted

in Figure 2.24(b) for di�erent thicknesses tm. It shows that the maximum stress can reach 500 MPa for

smaller thicknesses tm and for large displacements. The maximum stress in the beam needs to be k times

smaller than the known maximum tensile stress of monocrystalline silicon, with k a safety factor set to

2.5. This maximum tensile stress is known to vary from 1 GPa to 7 GPa depending on the direction of the

crystalline structure of silicon [111]. But due to small fabrication defects, this limit could be way lower

[112]. A limit of 400 MPa is chosen as this model is based on several assumptions which would lead to

a larger real maximum stress. The maximum achievable displacement is evaluated more precisely using

�nite element models in Section 3.2.

(a) (b)

Figure 2.25: Frequency response of the loudspeaker for three di�erent radiating surfaces Sd with a �xed

actuator thickness tm = 12µm (a) and for three di�erent actuator thicknesses with a �xed

surface Sd = 36 mm2 (b)

Still using Equation 2.49, Figure 2.25(a) shows the evolution of the frequency response with a change of

the radiating area. As the length and the width of actuators is linked through the radiating surface area

due to the geometry of the loudspeaker, multiple e�ects are occurring simultaneously. The increase of

the surface Sd increases the radiated sound pressure proportionally, and a�ects the resonance frequency

only slightly by changing the radiating mass. By increasing the length of the actuators, the resonance

frequency decreases, as well as the generated force. Figure 2.25(b) shows the evolution of the frequency

response with an increase of the thickness of the elastic layer of the loudspeaker. As the thickness of

the passive layers of the actuators directly a�ects the apparent sti�ness of the system, it changes the

resonance frequency. Since the input force Fin is inversely proportional to the thickness of the actuators,

the level is a�ected as well. For the main design, Sd is chosen to be 36 mm2 and tm is chosen to be 12 µm.
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Other dimensions are chosen for di�erent designs, in order to either improve the performance with a

higher concentration of stress (riskier design) or in order to have safer designs with a higher safety factor

k. Dimensions of the other designs are recalled in Table 3.2 and their frequency responses are depicted

in Figure 3.36(a) in Section 3.4.3.

2.3.2 Height of the Coupling Blocks

The squeze �lm damping of Equation 2.23 can be integrated into the equivalent electrical circuit of Figure

2.5 as the squeeze �lm damping behind the moving plate is acting as a radiation impedance on the plate.

The impedance Zm can be calculated using

Zm = Rms + jωMms +
1

jωCms
+ Zsf + ZrS

2
d . (2.51)

From the impedance, the sound pressure level is calculated for di�erent heights h0 and depicted in Figure

2.26(a). The height h0 changes the quality factor at the resonance. The height h0 should also be large

enough in order to allow a large displacement of the structure, as it can be deduced from Figure 2.3.

(a) (b)

Figure 2.26: Pressure response for di�erent heights h0 with Rms = 0 and Sd = 36 mm2 (a) and pressure

response for di�erent radiating surfaces Sd (b)

The height h0 is set to 500 µm as there is no signi�cant e�ect on the quality factor at the resonance of the

loudspeaker for larger dimensions. By changing the surface Sd, the behavior of the loudspeaker changes

similarly to what is observed in Figure 2.25, with a signi�cant change of the quality factor due to the

squeeze �lm e�ect. The height h0 is also involved in the optimization of the linearization spring described

in Section 3.3.

2.3.3 Width of the Air Interstice

The thin air interstice between the moving plate and the frame is mainly used to avoid the acoustic short-

cut between the front and back acoustic waves. As discussed in Section 2.2.6, the interstice needs to be

smaller than 15 µm wide in order to avoid an acoustic short-cut in the whole audio range. The interstice

is also responsible for the damping and frequency responses of a loudspeaker with Sd = 36 mm2 and

tm = 12µm for three di�erent interstice widths are depicted in Figure 2.27(a). It shows that a signi�cant

damping e�ect occurs only for an interstice smaller than 1 µm and that a critical damping is reached for
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an unrealistic interstice of 1 nm. The interstice dimension is also limited by the manufacturing process, as

described in Section 4.2. As the viscous damping created by the thin air interstice is proportional to the

contact surface created by the thickness of the plate and the perimeter, the change of quality factor can

also be observed with an increase of the thickness of the plate. As the weight of the plate also changes the

moving mass Mms, the resonance frequency is a�ected as well. For an interstice of 9µm, no signi�cant

change on the quality factor is observed with a change of the thickness of the plate tpl, as it is depicted

in Figure 2.27(b).

(a) (b)

Figure 2.27: Frequency response of the loudspeaker for di�erent interstice widths wi (a) and for di�erent

plate thicknesses tpl, considering the change of moving mass Mms (b)

The air interstice dimensions are more precisely de�ned in Section 3.2 using �nite element model. With

the set of parameters Cms,Mms, Fin, h0 and wi determined, the frequency response matches the required

performance determined in Section 1.6, and recalled in Figure 2.1, and the geometry can be more precisely

determined using the �nite element model described in Section 3.2 as well as the state space model

described in Section 3.4. Before designing more precisely the loudspeaker using these models, the ampli�er

required to power the loudspeaker can be designed based on the previously determined linear parameters.

2.4 Dedicated Driving Board

In this section and based on the parameters determined in Section 2.3, a voltage ampli�er able to provide

the required voltage of 15 VDC + 15 VAC to power the loudspeaker is designed. The design is device-

based, and starts from the analysis of the expected electrical impedance of the loudspeaker. The ampli�er

is mainly composed of a bu�er, a voltage gain stage and a current gain stage.

2.4.1 Ampli�er

The ampli�er needs to convert a line level audio signal into a 30 V peak to peak signal and should be

able to ful�ll the power requirements of the loudspeaker. The impedance of the loudspeaker described

in Figure 2.21(a) can be calculated with the previously determined parameters and is depicted in Figure

2.28.
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(a) (b)

Figure 2.28: Impedance of the loudspeaker (a) and power drawn by the loudspeaker for a 30 V input

signal (b)

As it can be seen in Figure 2.28, the impedance of the loudspeaker is mainly capacitive, except for the

mechanical resonance of the loudspeaker at approximately 1 kHz. In the low frequencies, the impedance

is as high as 10 kΩ and decreases down to 100 Ω in the high frequency range. The series and parallel

resistors are respectively very small and very big and are not a�ecting the impedance of the loudspeaker

in a signi�cant way for realistic values. The quality factor of the mechanical system a�ects the electrical

impedance of the loudspeaker, but with realistic values of the viscous damping in the loudspeaker, the

resonance doesn't create an impedance higher than the low frequency one or lower than the high frequency

one around the resonance. Using the impedance and a maximum voltage of 30 V accross the piezoelectric

actuators, the power dissipated in the loudspeaker can be displayed as a function of frequency, as it

is shown in Figure 2.28(b). The ampli�er needs to provide 30 V from 20 Hz to 20 kHz with minimal

distortion, and needs to have an o�set, at the middle of the usable voltage range, in order to have an

asymmetric signal. The total harmonic distortion needs to be way below 1 %. The e�ciency of the

ampli�er is not a concern. Using these speci�cations, the selected topology is a push-pull ampli�er, using

bipolar transistors and an operational ampli�er with a negative feedback to provide the needed current

at the output stage. The voltage gain is provided by a simple non-inverting operational ampli�er circuit.

The variable o�set is provided by a simple voltage divider coupled with a capacitor. A push-pull stage is

a widely used pair of complementary transistors, that are alternatively turned on and o� around a rest

point. Also known as a class B ampli�er, this topology su�er from crossover distortion, below the needed

base to emitter voltage threshold. To circumvent this e�ect, an operational ampli�er with a negative

feedback is used to provide the voltage below this threshold. The resulting circuit is presented in Figure

2.29.
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Q1

Q2

R1

V+

uin(t)
uout(t)

Figure 2.29: Current gain output stage

The ampli�er needs to be DC coupled in order to have an o�set at the output. The negative feedback

ensures that the output voltage uout(t) is equal to the input voltage uin(t), and cancel the crossover

distortion for voltage below the diode threshold of the base to emitter junction. The operational ampli�er

provides the output current for low voltages, when both transistors are o�, in the subdiode behavior,

though resistor R1. Transistors Q1 and Q2 are alternatively turned on and o�, allowing an output current

to �ow in the load, for respectively the positive half cycle of the signal and the negative half cycle, around

the o�set. The input signal is acquired from a sound card, and the amplitude is around 1 V. To obtain

the required voltage at the output, before the current gain stage, a simple non inverting operational

ampli�er circuit is used as a voltage gain, as it is presented in Figure 2.30.

−

+

uin(t)
R1

uout(t)

R2

Figure 2.30: Non Inverting Operational Ampli�er

To make the gain adjustable, resistor R1 is replaced by a potentiometer in the implemented design. The

selected operational ampli�er needs to be able to generate output voltages greater than 30 V . The output

voltage can be expressed as

uout(t) =

(
1 +

R1

R2

)
uin(t). (2.52)

In order to add an o�set to this voltage ampli�er, a simple voltage divider is used. To avoid DC voltage

to shortcut the output of the source, a coupling capacitor is used in series. The schematic is presented

in Figure 2.31.

59



Development of a MEMS loudspeaker with optimized performance Romain LIECHTI

R1
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V+
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R3

C2uin(t) uout(t)

Figure 2.31: O�set adder and low pass �lter

The series capacitor with the resistor creates a high pass �lter, whose resonance frequency needs to be

below the audio frequency range. The resistors R2 and R1 need to be large enough to minimize the DC

current from V+ to ground. The ratio of the resistors needs to ful�ll the voltage divider criteria to add

an o�set equal to half of the maximum voltage of the output. As expected, the circuit shows the required

high pass behavior, to avoid DC voltages. The other term of Equation 2.53 is the o�set. To avoid noise

to be ampli�ed, a low pass �lter, composed of C2 and R3 is used in series with the o�set adder. Here the

output voltage is composed of the contribution of V+, in Equation 2.53 and of uin, in Equation 2.55.

In the frequency domain, the contribution of V+ to the output can be written as

uoutV+ =

1
jωC2

1
jωC2

+R3

Z21

Z21 +R2
V+ (2.53)

with

Z21 =
1

jωC1 + 1
R1

+ R3jωC2

R3jωC2+1

. (2.54)

The circuit is non linear, with a linear part proportional to uin(t) that can be displayed as a function of

frequency, as it is presented in Figure 2.32(a).
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(a) (b)

Figure 2.32: Transfer function of the circuit depicted in �gure 2.31 from V+ to uout (a) and from uin to

uout (b)

As it can be seen in Figure 2.32(a), only the DC component of the power supply goes into the signal,

and the amplitude of this o�set is set by changing the value of R1. The high frequencies are strongly

attenuated, to avoid noise from the power supply to pollute the output signal. The contribution from

input signal uin to output signal can be written

uoutuin =
Z31

Z31 + 1
jωC1

1
jωC2

R3 + 1
jωC2

uin(t) (2.55)

where Z3 is written

Z31 =
1

1
R1

+ 1
R2

+ R3jωC2

R3jωC2+1

. (2.56)

Displayed as a function of frequency, the transfer function from uin to uout is shown in Figure 2.32(b).

The setting of the resistor for the o�set changes the cut-o� frequency of the high pass �lter, as it can

be seen in Figure 2.32(b), but the cut-o� frequency is outside of the audio range in the usable range of

values of resistors.
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(a) (b)

Figure 2.33: Frequency response of the complete circuit simulated using LTspice (a) and input and output

time domain signal at 1 kHz of the ampli�er at maximum gain (b)

The previously described circuit is connected in series with the ampli�er and the complete circuit is

simulated using LTspice. A zener diode is used at the output to ensure the output voltage does not

exceed 30 V, in order to protect the piezoelectric material of the loudspeaker. A series resistor of small

value is used to limit the output current. The frequency response of the obtained circuit is presented in

Figure 2.33(a). The ampli�er shows the desired bandpass �lter characteristic, with the needed gain of

about 23 dB. Using LTspice, the time domain signal can be displayed with an input frequency of 1 kHz,

as it is presented in Figure 2.33(b).

(a) (b)

Figure 2.34: Time signal at the output of the ampli�er for di�erent ampli�er gain simulated with LTspice

(a) and THD of the ampli�er as a function of gain (b)

The output signal behaves as expected, with the required o�set. At the maximum gain of the voltage

ampli�er, the sine oscillates between nearly 0 V and 30 V. Further analysis can be carried out, such as

the total harmonic distortion estimation, as a function of the gain of the ampli�er. As it can be seen in

Figure 2.34(b), the total harmonic distortion is below 1% for a gain between 1 and 15. Above this value,

the output sine starts to clip at the rail voltage of the ampli�er, as it is depicted in Figure 2.34(a), and

62



Development of a MEMS loudspeaker with optimized performance Romain LIECHTI

the total harmonic distortion rises accordingly. After ensuring the correct frequency response and the

low distortion of the ampli�er the power dissipated by the output transistors is computed and presented

in Figure 2.35(a).

TJ TA

θJT θTA

θJC θCA

TT

TC

(a) (b)

Figure 2.35: Instantaneous and RMS power dissipated in the NPN and the PNP transistors (a) and

equivalent thermal circuit of the transistor junction to ambiant air (b)

The amplitude of the power is di�erent for the PNP and the NPN transistors due to the slight shift of the

o�set compared to the dynamic of the signal, and due to the di�erences of resistance in the transistors.

The maximum value is reached at 20 kHz, when the loudspeaker load is minimum. The value of the

dissipated power in the transistors is essential to design the dissipators, in order to keep the PN junction

of transistors below the maximum temperature of 150 °C. The thermal resistances and the temperatures

of the di�erent elements are usually represented with an equivalent electrical circuit, as presented in

Figure 2.35(b). As it can be deduced from the equivalent circuit, the thermal power, coming from the

PN junction of the transistors, is either dissipated by the IC to an exposed pad through θJC (thermal

resistance from junction to exposed pad) and θCA (thermal resistance from the PCB to ambient air by

convection), or dissipated directly from the die to the air through θJT (thermal resistance from junction

to top of the case) and θTA (thermal resistance from top of the case to ambient air). The total equivalent

thermal resistance is the equivalent resistor of the electrical circuit. From the parameters of the chosen

transistors and the average value of the thermal resistance from copper on printed circuit board to air,

known to be 1000 °C W−1 cm−2, the surface of the dissipators can be calculated using

Tj = Pt
θJC + θCA + θJT + θTA
(θJC + θCA)(θJT + θTA)

(2.57)

where TJ is the temperature of the junction and Pt is the power dissipated by the transistors. Con-

sidering that the most important factor is the dimension of the dissipation pads, the needed surface is

approximately 300 mm2 per transistor. In the �nal design, these pads are placed on the top layer and on

the bottom layer of the PCB, and connected thermally together with vias.

2.4.2 Notch Filter

To avoid a too large displacement of the moving plate at the resonance of the loudspeaker, a parametric

notch �lter is added to the loudspeaker driving board. The notch �lter needs to have a tunable resonant
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frequency in order to be adapted to the di�erent variants of the loudspeaker. The notch �lter needs

to have a variable gain, in order to be adjusted to the di�erent variants and also because the viscous

damping of the loudspeaker is di�cult to evaluate before measurements. The notch �lter is based on a

well known schematic used in parametric equalizers. Only one band is used. The schematic is presented

in Figure 2.36.
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+
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−

+

R9

uout(t)

Figure 2.36: Schematic of the notch �lter circuit

The circuit is composed of a �rst input stage, a voltage follower, in order to make the input impedance

of the circuit high, to match with the output of the sound card. Ignoring the input coupling capacitor

C1, the total transfer function of the circuit can be written

H =
G(R3R2 +R2Z1 +R2Z2 +R3Z1)

G(R1R3 +R2R3 +R2Z1 +R3Z1)

− (R1R2 +R1Z1 +R1Z2 +R3R2 +R2Z1 +R2Z2 +R3Z1 + Z1Z2)

(2.58)

with

Z1 =
1− ω2C2C4R8(R4 +R7) + jω((R4 +R8)C2 + C4R8)

jωC2(jωR8C4 + 1)
, (2.59)

Z2 =
R5

1
jωC3

R5 + 1
jωC3

(2.60)
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and G the gain of the top operational ampli�er. Using the assumption that an operational ampli�er gain

is in�nite, the equation can be written

lim
G→∞

H =
R3R2 +R2Z1 +R2Z2 +R3Z1

R1R3 +R2R3 +R2Z1 +R3Z1
. (2.61)

The input operational ampli�er is a voltage bu�er and can be neglected. The last stage of the circuit is

a inverting ampli�er and the transfer function is the negative ratio of the feedback impedance R9 over

the input impedance and the transfer function Ho writes

Ho = − R9

R6 + 1
jωC4

. (2.62)

The total transfer function is displayed for di�erent values of resistors R2 and R3, in order to show the

variable attenuation, the variable frequency and the variable quality factor, in Figures 2.37(a), 2.37(b)

and 2.38(a) respectively.

(a) (b)

Figure 2.37: Frequency responses of the notch �lter for di�erent values of R2 and R3 (a) and for di�erent

values of R7 (b)

The circuit behaves as expected, and allows an attenuation down to −25 dB, a wide variation of the

resonance frequency, from 400 Hz to 4 kHz and a wide variation of the quality factor, from 0 to 20. The

quality factor can be changed by changing the value of R4, as presented in Figure 2.38(a).
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(a) (b)

Figure 2.38: Frequency response of the notch �lter for di�erent values of R4 (a) and frequency response

of the loudspeaker corrected by the notch �lter (b)

Using the transfer function calculated with the model of the loudspeaker, the expected frequency response

of the loudspeaker can be simulated by multiplicating the notch �lter transfer function with the loud-

speaker transfer function. The result for a correctly tuned notch �lter is compared to the raw response

of the loudspeaker and shown in Figure 2.38(b). The limitation of the quality factor of the notch �lter is

due to the operational ampli�er circuit that simulates the inductor. The inductor is imperfect and has a

series resistor of value R8. This limits the quality factor to about 10. Depending on the resonance of the

manufactured loudspeaker, the notch �lter allows for a complete compensation of the resonance.

2.4.3 Printed Circuit Board

Once the complete circuit of the driving board is simulated and designed, and after adding some usual

electronic parts (AC coupling capacitors, test points, connectors and power supply �lters) the printed

circuit board is routed. The circuit is routed on a double sided PCB with ground planes on both sides.

Dissipators for the output transistors are rooted on a separated potential, and connected together with

vias through the PCB. Input and output connectors are placed on the left and right side of the PCB.

0 Ω resistors are placed at the input and output of each circuit in order to be able to disconnect them

and to test them separately. The full circuits, drawn into Altium Designer with the real components are

presented in Appendix G. The routing of all layers of the board is presented in Figure 2.39, and the top

and bottom layers are presented separately respectively in Appendix F.1 and F.2.
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Figure 2.39: Routing of the Printed Circuit Board

Using Altium Designer, the components and their 3D model can be visualized on the PCB, and a 3D view

of the printed circuit board is presented in Figure 2.40(a). To make the measurements of the loudspeaker

easier, a simple loudspeaker board is designed. The loudspeaker is glued on the PCB and the actuation

pads are bonded on the PCB. Screw terminals are used in order to make the connections easier. A hole

is cut through the PCB so as not to a�ect the acoustic load behind the loudspeaker. With this hole, the

PCB can also be used as a ba�e to avoid acoustic shortcut, in a limited range of frequencies. A 3D view

of the designed PCB is presented in Figure 2.40(b). More details on the power supply �lters are given in

Appendix E.

(a) (b)

Figure 2.40: 3D view of the loudspeaker ampli�er printed circuit board (a) and 3D view of the loudspeaker

printed circuit board (b)
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2.5 Chapter Conclusion

In this chapter, the linear non dimensional parameters Fin, Cms,Mms, h0 and ws of the loudspeaker were

determined in order to reach the performance identi�ed in the �rst chapter. This set of parameters gives

a sound pressure level of approximately 78 dBSPL and a resonance frequency of approximately 1 kHz,

with quality factor of approximately 10. With these linear parameters, the electrical impedance of the

loudspeaker was determined, in order to design the required ampli�er to actuate the loudspeaker. This

ampli�er is able to power the loudspeaker with a signal between 0 V and 30 V, from 20 Hz and 20 kHz, in a

impedance down to 100 Ω. In the next chapter, the complete three dimensional loudspeaker is simulated

with �nite element method, and nonlinear e�ects are investigated with �nite element method as well as

with a state space model.
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3.1 Chapter Introduction

After having de�ned the lumped parameters required for the loudspeaker to reach the performance

determined in Chapter 2, this chapter mainly describes the �nite element model and the state space

model of the loudspeaker, from the step highlighted in red in the design loop depicted in Figure 2.1.

This part of the design starts with a three dimension �nite element model of the loudspeaker in order to

simulate more advanced linear characteristics of the loudspeaker. After con�rming the linear performance

of the loudspeaker using the �nite element model, nonlinear aspects are investigated, using �rst the same

�nite element model, and then a nonlinear state space model.

3.2 Finite Element Modeling

This section describes the �nite element model built into COMSOL® multiphysics, in order to simulate

the loudspeaker frequency response, and other quantities that cannot easily be computed by hand, such as

the stress concentration in the actuators at maximum de�ection, the guiding coe�cient of the loudspeaker,

the modal shape and some nonlinearities. Firstly, the physics and geometry involved into the complete

�nite element simulations of the loudspeaker are described, then the Perfectly Matched Layer (PML)

and the mesh, two important aspects of the simulations are detailed. Then the static behavior and the

frequency responses of the loudspeaker computed with the �nite element model are compared to the

ones calculated with the analytical model presented in Section 2.2. Finally, geometric nonlinearities are

evaluated.

3.2.1 Physics and Geometry

From the CAD drawings in Appendix D, a complete 3D parametric model of the loudspeaker is imple-

mented into COMSOL®. The complete mechanical geometry in COMSOL® is depicted in Figure 3.1(a),

where the piezoelectric layer is represented in purple and where the passive mechanical structure of the

loudspeaker, composed of the di�erent layers of oxide and silicon is represented in gray. The loudspeaker

is composed of three main physics. The electrostatic physics is used to simulate the piezoelectric layer,

and is coupled with a multiphysics coupling to the structural mechanics physics, used to simulated the

structure of the loudspeaker. The piezoelectric material is assumed to be linear, as ferroelectric e�ects

are di�cult to simulate using �nite element method. Then, a hemispherical domain of air, which is rep-

resented in blue in Figure 3.1(b), is used to simulate the propagation of acoustic waves, and a structural

mechanics to acoustics multiphysics coupling is used on the surface of the plate to couple both domains.
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(a) (b)

Figure 3.1: 3D mechanical part of the loudspeaker (a) and same loudspeaker coupled to a hemispherical

air domain (b) in COMSOL®

To simulate the thermoviscous behavior of the loudspeaker, a thermoviscous domain is used on the

periphery of the plate, representing the thin layer of air between the moving plate and the frame of

the loudspeaker. The thermoviscous domain is represented in red in Figure 3.2(a). This thermoviscous

domain is coupled to the plate via a thermoviscous to structural mechanics coupling, and is coupled to

the acoustic domain via a thermoviscous acoustics to acoustics coupling. As the thermoviscous domain

has more degrees of freedom, it needs to be kept to a small number of elements in order to reduce the

computational cost of the model.

(a) (b)

Figure 3.2: Thermoacoustics domain around the moving plate of the loudspeaker (a) and view of the

circular hard boundary wall disc around the loudspeaker (b) in COMSOL®

Then a hard circular boundary is used around the plate of the loudspeaker in order to simulate the ba�e,

as depicted in Figure 3.2(b). The hard boundary wall condition sets the normal acceleration and velocity

on the boundary to 0, such as

∂p

∂n
= 0. (3.1)

Materials properties are taken from the COMSOL® library, except the piezoelectric material, whose

compliance matrix is extracted from previous measurement at CEA-Leti and writes
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cE =



6.25 · 10−12 −4.78 · 10−12 −8.45 · 10−12 0 0 0

−4.78 · 10−12 1.65 · 10−11 −8.45 · 10−12 0 0 0

−8.45 · 10−12 −8.45 · 10−12 2.07 · 10−11 0 0 0

0 0 0 4.35 · 10−11 0 0

0 0 0 0 4.35 · 10−11 0

0 0 0 0 0 4.26 · 10−11


Pa−1,

(3.2)

whose piezoelectric tensor is

d =

 0 0 0 0 17.034 0

0 0 0 17.034 0 0

−6.623 −6.623 23.24 0 0 0

C m−2. (3.3)

and whose mechanical parameters, as well as parameters for air, silicon and silicon oxide are recalled in

Table 3.1.

Table 3.1: Main linear and isotropic parameters of the materials used in the COMSOL® model

Material E (GPa) ν (1) ρ (kg m−3) εTr (1)

PZT 82 0.39 7500 −
SiO2 70 0.17 2200 4.2

Si 160 0.28 2329 11.7

Air − − − 1

The rear part of the loudspeaker is not coupled to air, in order to reduce the computational cost of

the model. The ampli�er is assumed to be a perfect voltage ampli�er, with no series output resistor

and an unlimited output current. This means that the electrical behavior of the piezoelectric actuators

can be ignored. The input voltage is then directly applied to the upper and lower boundaries of both

piezoelectric actuators. For the structure to acoustic interaction, COMSOL® solves the Navier-Stokes

equations, that describes the coupling between the velocity �eld u and the force exerted by the �uid on

the solid F such as

F = n ·
(
−pI +

(
µ(∇u +∇uT

)
− 2

3
µ∇uI

)
. (3.4)

For the electrostatic to structure coupling, COMSOL® solves the equation described in Section 1.4.2

coupled with the equation of the solid equilibrium given by Newton's second law written as

ρ0
∂2u

∂t2
= ∇X(FS) + FV (3.5)

with F the deformation gradient, FV a body force with components in the con�guration of the under-

formed volume and S the Piola-Kircho� stress tensor. The resulting coupled equation is solved using the

virtual work formulation.
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3.2.2 Mesh

The mesh is an important parameter to consider when using �nite element simulation. It needs to have

enough elements to be precise, but as little as possible in order to keep the computation time reasonable.

In order to have the least elements possible, the mesh of the mechanical part of the loudspeaker is

built with mapped meshes, that are swept along the thickness of the structure, as it is shown in Figure

3.3(a). It results in a perfect mesh quality, and a decently low number of elements. The mesh quality is

characterized by a dimensionless quantity between 0 and 1, where 1 is a perfectly rectangular element,

and where 0 represents a degenerated element. The skewness is calculated as follow

sk = 1−max

(
θ − θi

180− θi
,
θi − θ
θi

)
(3.6)

where θ is the angle between two vertex of an element, and θi is the same angle for a perfect element.

(a) (b)

Figure 3.3: 3D view of the skewness of the mechanical part of the model (a) and zoom on the linearization

spring (b) represented from red (poor quality) to green (good quality)

As a rule of thumb, it's advised to keep elements quality above a skewness of 0.1. As it can be seen

in Figure 3.4(a), a few elements are below this critical limit, and are mostly coming from the poor

geometric compatibility between the tetrahedral elements meshing the hemispherical air domain and the

quad elements, meshing the mechanical structure. The perfectly matched layer is then meshed with a

swept function, in order to have a de�ned number of elements in the thickness, and a good quality of

elements, as it is presented in Figure 3.4.
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(a) (b)

Figure 3.4: Histogram of the skewness for the total number of elements of the model (a) and skewness of

elements in a cross section of the complete model represented as red (poor quality) to green

(good quality) (b)

The skewness of the mesh can also be depicted as a histogram to observe the distribution of the quality as

presented in Figure 3.4(a). It shows that most element quality is equal to 1, but also shows a signi�cant

number of elements whose quality is around 0.4, mainly due to the incompatibility between the rectangular

elements of the plate and the tetrahedral elements of the air domain. A very few elements have a quality

inferior to 0.1. The acoustical domain is entirely meshed with tetrahedral elements, and the perfectly

matched layer, at the surface of the hemispheral domain is meshed with a swept, as it is shown in Figure

3.12(b). Due to the complexity of the loudspeaker geometry, the mesh used in our model is perfectly

acceptable.

3.2.3 Static Simulation

Once correctly de�ned and meshed, the model can then be solved for a constant input voltage of 30 V.

Assuming a critical damping at the resonance, the static displacement of the loudspeaker is the maximum

displacement achieved by the loudspeaker, as discussed in Section 1.2. Static simulations are also used to

characterize the stress and the linearity of the loudspeaker. For the simulation, the input voltage is set

to uin = 30 V, and a stationary study is used. During a stationary study, the acoustic and thermoviscous

acoustic domains are turned o�. The shape of the loudspeaker, whose displacement �eld is depicted

in Figure 3.12(a), corresponds to a pistonic motion of the plate in the z direction, with a maximum

displacement of 108.9 µm at the center of the sti�ened plate.
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(a) (b)

Figure 3.5: 3D view (on scale) (a) and cross sectoon view (not on scale) (b) of the loudspeaker deformed

under an input voltage uin = 30 V

The pro�le of de�ection of the �exible part of the actuators is then displayed as a function of the length on

the actuator in the �nite element model and is compared with the de�ection calculated using Equations

2.5 and 2.6. The de�ection, depicted in Figure 3.6(a), is very similar in both cases, but the �nite

element model gives a lower displacement of the �exible part of the actuator, of about −109 µm, while

the analytical model gives a displacement of −139 µm.

(a) (b)

Figure 3.6: De�ection pro�le of the actuators calculated with the �nite element model and with the

analytical model (a) and de�ection pro�le calculated along the width of the actuator (b)

The de�ection is very similar at a quarter of the width and in the middle of the width, as it is depicted in

Figure 3.6(b). It changes only for the side of the actuator, but remain similar at the tip of the actuator,

due to the rigid coupling block, attached to the complete width of the actuators.

3.2.4 Modal Analysis

Modal analysis is an important study for every vibrating devices, and is not always easy to calculate

analytically for complex structures, such as this loudspeaker. Modes of the mechanical structure could

a�ect the radiated pressure. The modal analysis is �rst carried out on the plate alone, in order to

75



Development of a MEMS loudspeaker with optimized performance Romain LIECHTI

determine the number of sti�eners to add on the plate, in order to increase the apparent sti�ness of the

plate, to push the �rst mode as high as possible in frequency while reducing the mass in order to improve

the sensitivity. The structure is implemented as a parametric structure into COMSOL®, and the �rst

mode of the plate is depicted as function of the number of sti�eners with nx the number of sti�eners

in the x direction equal to ny the number of sti�eners in the y direction. The width of the sti�eners is

determined in another study and the height of the sti�eners is limited by the manufacturing process.

(a) (b)

Figure 3.7: First eigenmode of the moving plate as a function of the number of sti�eners (a) and pressure

response of the loudspeaker for di�erent number of sti�eners (b)

In order to compute more rapidly the e�ect of the change of mass due to the number of sti�eners on the

frequency response of the loudspeaker, the lumped element model of Section 2.2 is used. The change of

mass of the moving plate Mms due to the addition of sti�eners is then determined using the density of

silicon and using the volume of the moving plate such as

Mms = (WpLptpl − 2WlsLls(tpl − tpp)− LrrWrrnxny(tpltpp))ρs +Ma/2 + 2Mcb (3.7)

with the width and the length of the rectangles created by the sti�eners determined by

Wrr =
Wp − 2Lfpx − (nx − 1)wr

nx
(3.8)

and

Lrr =
Lp − 2(Lfpy + Lls + ws)− (ny + 1)wr

ny
(3.9)

with Lp, Wp and tpl the external length, width and thickness of the plate, Wls and Lls the width and

length of the linearization spring, Lfp the width of the plain frame around the plate, wr the width of

the sti�eners, tpp the thickness of the bottom plain plate and Lrr and Wrr the length and width of the

rectangles created by the sti�eners. All dimensions are depicted on a 3D view of the plate in Figure

3.8(a) and on a partial cross section view, not to scale of the plate in Figure 3.8(b). The e�ect on the

pressure response is then calculated with the calculated mass Mms using the lumped element model and

is depicted in Figure 3.7(b). The change of mass Mms shifts the resonance of the loudspeaker and a�ects

the radiated sound pressure level in the bandwidth of about 3 dB.
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(a) (b)

Figure 3.8: Dimensions of the moving plate on a 3D view (a) and dimensions of the plate on a partial

cross section of the plate (cross section A) not on scale (b)

The modal study of the plate is perfomed with the plate clamped on both opposite end, as it is closer

to the actual working principle of the loudspeaker. Figure 3.9(a) depicts the geometry of the plate for

nx = ny = 3 and Figure 3.9(b) depicts the displacement �eld of the plate at its �rst resonance at

10 864 Hz. Figure 3.9(c) depicts the geometry of the plate for nx = ny = 10 and Figure 3.9(d) depicts the

displacement �eld of the plate at its �rst mode at 12 658 Hz. The displacement �eld is a�ected by the

sti�eners, and for nx = ny = 3, the shape is more circular than for the deformation for nx = ny = 10.

(a) ny = nx = 3 (b) 10 864Hz (c) ny = nx = 10 (d) 12 658Hz

Figure 3.9: Geometry of the plate with nx = ny = 3 (a), modal shape of the plate with nx = ny = 3 (b),

geometry of the plate with nx = ny = 10 (c) and modal shape of the plate with nx = ny = 10

(d)

From Figure 3.7(a) it can be deduced that the shift of the �rst eigenmode of the plate is decreasing for

a bigger number of sti�eners, which is not worth the loss of sensitivity. Supported by further studies

that are not detailed in this dosument, the number of sti�eners in the x direction nx is set to 11 and the

number of sti�eners ny in the y direction is set to 7. The thickness of the plain plate tpp is set to 20 µm,

as well as the height of the sti�eners tpl − tpp to 60 µm. The modal analysis is then carried out using an

eigenfrequency study on the complete mechanical structure of the loudspeaker and 16 modes are found

in the audio bandwidth.
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(a) 825Hz (b) 1206Hz (c) 1284Hz (d) 7230Hz

(e) 10 044Hz (f) 11 311Hz (g) 13 656Hz (h) 13 886Hz

(i) 14 230Hz (j) 16 849Hz (k) 17 018Hz (l) 17 113Hz

(m) 17 471Hz (n) 18 463Hz (o) 18 467Hz (p) 18 963Hz

Figure 3.10: Modal shape of the mechanical part in the loudspeaker for the 16 modes in the audio

bandwidth

The �rst mode in Figure 3.10(a) is a rocking mode, and could be triggered by applying an external vibra-

tion to the loudspeaker, but is does not occur during operation, as it requires an asymmetric actuation of

both actuators. The second mode in Figure 3.10(b) corresponds approximately to the fundamental mode

of the loudspeaker at fs, when the e�ect of the moving mass Mms is equal and opposed to the e�ect of

the apparent compliance Cms. In Figure 3.10(c), a second rocking mode is depicted. Similarly to the

�rst mode, this mode does not appear during operation of the loudspeaker due to the asymmetry of the

deformation of the elastic layers of the actuators. In Figure 3.10(d), an oblique rocking mode composed

of a combination of the �rst mode and the third mode is depicted. From this analysis, it can be deduced

that the loudspeaker is operating as a piston from 0 Hz to 11 311 Hz, and is then reproducing a �at fre-

quency response from the �rst eigenmode to 11 311 Hz. The �rst mode composed of a deformation of the

plate appears at 11 311 Hz in Figure 3.10(f). This mode is strongly interacting with the radiated sound

pressure level. The modes depicted in Figures 3.10(e), 3.10(g), 3.10(i), 3.10(k), 3.10(l) and 3.10(o) corre-

spond to asymmetric modes of the actuators or the plate, and should not appears during the operation

of the loudspeaker, except if a strong asymmetry in the sti�ness or the mass of the structure due to a

problem in the manufacturing process is observed. Modes of the plate in Figure 3.10(h), 3.10(j), 3.10(m)

and 3.10(p) are a�ecting signi�cantly the radiated sound pressure in the audio bandwidth. Modes of the

actuators, such as the one depicted in Figure 3.10(n), directly a�ect the velocity of the plate, while not

deforming it, creating a peak or a dip in the frequency response.
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3.2.5 Perfectly Matched Layer

To meet the Sommerfeld condition on the outside boundary of the acoustics domain, a perfectly matched

layer is used. The Sommerfeld condition is a radiation condition that states that the outgoing waves of

a radiating source must scatter to in�nity, and it can be translated to

lim
|x|→∞

|x|
n−1
2

(
∂

∂|x|
− ik

)
u(x) = 0. (3.10)

The PML applies the Sommerfeld condition by creating a domain, outside of the domain of interest, with

a complex dissipative impedance. This can be seen as a virtual anechoic chamber. Figure 3.11 shows

a PML bounding a hemispherical domain in 2D. The intensity of the outgoing waves rapidly decreases

along r, the radius of the hemisphere.

(a) (b)

Figure 3.11: Sound pressure level in the air domain and in the PML for a PML with 5 elements of mesh

(a) and for a PML with 15 elements of mesh (b)

In Figure 3.11 the e�ectiveness of the perfectly matched layer is depicted for two di�erent meshes. In

Figure 3.11(a) the perfectly matched layer attenuates the incoming acoustic waves from approximately

100 dBSPL to 0 dBSPL in a few millimeters, for a thickness of �ve elements. In Figure 3.11(b), the same

study is carried out with a PML composed of 15 elements in its thickness, and the sound pressure

level decreases from 100 dBSPL to −150 dBSPL. In both cases, the ratio between the pressure in the

domain and at the hard boundary surrounding the PML is su�ciently large, and re�ected waves are not

signi�cantly a�ecting the pressure �eld inside the air domain. By considering that the outgoing acoustic

waves generated by the loudspeaker are hemispherical, a spherical radiation condition could be used on

the sphere to reduce the computational cost of the model.

3.2.6 Acoustic Pressure

Once the model is set-up, the frequency response of the loudspeaker can be computed for one hundred

frequencies, by placing an evaluation point at 10 mm from the surface of the moving plate of the loud-

speaker in the hemisphere of air. It has to be noted that although the loudspeaker uses an asymmetrical

signal due to the ferroelectric properties of thin-�lm PZT, as discussed in Section 2.2.1, the simulation

is carried out with a symmetrical signal, making the assumption that the behavior is equivalent in both

directions, which is the case if the geometric nonlinearities are not considered. Frequency responses of

the di�erent loudspeakers are then compared with the one calculated with the lumped element model in

Section 2.3.1 in Figure 3.12.
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(a) (b)

Figure 3.12: Comparison of the sound pressure level computed with the �nite element and lumped element

models for di�erent loudspeakers dimensions (a) and 3D view of the loudspeaker radiating

in air in COMSOL® (b)

There is a good match between the pressure calculated with the �nite element and the lumped element

models, except higher in frequencies, where peaks and dips appear due to the modal behavior of the

loudspeaker, that is not considered with the lumped element model. A shift of the resonance frequency is

observed between both models, but seems to not vary with the change of dimensions of the loudspeaker.

This can be due to the assumptions made for the actuators, especially the 1D assumption, that doesn't

consider the lateral stresses and strains of the beam.

In the thin interstice surrounding the plate, the thermovisous losses can be visualized and are depicted

in Figure 3.13.

Figure 3.13: Total thermoviscous losses in the interstice surrounding the plate and acoustic pressure in

the air domain

To determine the in�uence of the themoviscous losses on the mechanical structure, the reaction force

experienced by the moving plate is integrated around the plate. To �nd the impedance, the resulting

force is divided by the velocity of the plate. This leads to a viscous resistance Rv = 7 µN s m−1 which

does not signi�cantly in�uences the mechanical quality factor of the loudspeaker. The viscosity of the

�uid also adds a mass to the plate.
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Using a simpler model, only composed of a rigid plate actuated with a constant velocity v, moving along z

and �ush mounted in a ba�e, the in�uence of the width of the interstice on the pressure can be calculated.

The model is composed of a shell, whose surface is equal to Sd. The sti�ness of the shell is set to be very

large, in order to not have eigenmodes in the audio frequency range. The shell is attached to the hard

boundary wall with a spring foundation, whose value is equivalent to the compliance Cms. Figure 3.14(a)

depicts the sound pressure level radiated by the simpli�ed loudspeaker for di�erent interstice widths, from

2 µm to 200 µm. The pressure is constant from 2µm to approximately 20 µm and then starts to decrease.

For an interstice of 200 µm, 10 dB of sound pressure level are lost, due to the acoustic short-cut. It has

to be noted that the width of the interstice also sets the maximum thickness of the plate tpl, due to the

maximum aspect ratio achievable via etching techniques.

(a) (b)

Figure 3.14: Sound pressure level on axis as a function of the width of the air interstice ws around the

moving plate (a) and pressure �eld simulated with a simple moving plate with a simple

acoustic domain around the plate (on the left) and with a thermoviscous domain around the

plate (on the right) with an arbitrary scale (b)

Figure 3.14(b) depicts the SPL �eld around the moving plate, with and without thermoviscous domain.

Without considering the thermoviscous losses, a sharp null of pressure appears, following an oblique line

from the plate. This null is due to destructive interference between the back acoustic waves and the

front acoustic waves. This creates a directive behavior, even for low frequencies, and reduces the on-axis

pressure radiated by the loudspeaker. The width of the air interstice around the moving plate ws is set to

9 µm. From the same model, the directivity of the loudspeaker can be evaluated for di�erent frequencies.

To be able to compare the directivity with the one calculated analytically in Section 2.2.8, the plate is

assumed to be rigid. The sound pressure level is evaluated at the perimeter of the air domain, and the

resulting pressure is depicted for four frequencies in Figure 3.15(a).
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(a) (b)

Figure 3.15: Directivity normalized to the pressure at θ = 0 of the loudspeaker for four frequencies (a)

and SPL �eld radiated by the loudspeaker at f = 50 kHz

In low frequencies and as simulated in Section 2.2.8, the loudspeaker behaves as a monopole and the

radiated sound pressure is hemispherical. A di�erence of about 1 dB can be observed between the on-axis

and the pressure at θ = 90° at 1 kHz. For a frequency of 50 kHz, the pressure radiated in the normal axis to

the plate is 10 dB higher, and the shape of the directivity is similar to the one simulated analytically. For

a frequency of 100 kHz, a center lobe and two wide side lobes appear. The angle of the null and the overall

shape of the directivity is di�erent from the one simulated analytically. The slight asymmetry is due to

the asymmetry in the mesh (limited re�nement in order to save computation time), as the loudspeaker

is symmetric. In Figure 3.15(b), the complete sound pressure �eld radiated by the loudspeaker at 50 kHz

is depicted.

3.2.7 In-Ear

The COMSOL® model of the loudspeaker can also be used with a model of the IEC 60318-4 ear-occluded

coupler, in order to predict the frequency response of the loudspeaker in this device. The model of the

IEC 60318-4 is available in the COMSOL® examples.
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(a) (b)

Figure 3.16: 3D view of the loudspeaker inside the coupler at 17 kHz with the displacement �eld and

the deformation of the loudspeaker, as well as the pressure �eld inside the coupler and the

mesh quality on the surface of the coupler, from poor quality (red) to good quality (green)

(a) and frequency response calculated with the model, smoothed to a 1/6 of an octave and

compared to the frequency response calculated with the lumped element model (b)

The ear-occluded coupler, as well as the adapter used to adapt the surface of the moving membrane

of the loudspeaker to the opening of the coupler is depicted in Figure 3.16(a). The additional volume

created by the adapter is added as a capacitor in the equivalent circuit of the coupler. Only half of the

coupler is shown. The displacement �eld of the loudspeaker is depicted as well, and is very small on

the plate (approximately 2µm), as the frequency is an order of magnitude higher than the resonance of

the loudspeaker. The comparison between the frequency responses calculated with the lumped element

model, derived in Section 2.2.9 and with the one calculated with the �nite element model is depicted in

Figure 3.16(b). There is a very good agreement between both model in level in the low frequency range

and around the resonance frequency of the loudspeaker inside the coupler, at around 1.8 kHz. The �rst

mode of the coupler corresponds in frequency, at approximately 10 kHz, but the quality factor is di�erent.

Below the second resonance of the coupler, at approximately 20 kHz, a peak in the frequency response

calculated with the �nite element model appears, and is due to the second eigenmode of the cantilevers,

not simulated with the lumped element model. The frequency of the second eigenmode of the coupler is

di�erent in both simulations.

3.2.8 Stress

The previously described static simulation is also used to have a �rst evaluation of the stress in the

mechanical structure of the loudspeaker. The stress is determinant in the design of the loudspeakers,

as it often limits the maximum displacement of the structure. The large displacement reached by the

actuators creates high stress concentration at the tip of the cantilevers and could damage the loudspeaker

in use. Because the resonant behavior of the loudspeaker is corrected externally using an active peak �lter,

the maximum displacement of the loudspeaker is assumed to be the displacement below the resonance

frequency, that can be approximated by the static displacement. To ensure the stress is below the

maximum admissible stress, a stress study is carried out on the model, in the stationary domain, with a

�ner mesh. The model uses an input voltage of 30 V, which is assumed to be the maximum admissible
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across the piezoelectric layer. The stress is displayed as the Von Mises stress on the surfaces of the

actuators. This stress is described with the following equation

σ2
v

=
1

2

(
(σ11 − σ22)2 + (σ22 − σ33)2 + (σ33 − σ11)2 + 6

(
σ2
23 + σ2

31 + σ2
12

))
, (3.11)

with σij the components of the Cauchy stress tensor, describing the nine stresses in the nine dimensions

of the solid, written as

σ =

σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

 . (3.12)

The stress is then depicted on the surface of the actuators. The plate is hidden, as most of the stress

is concentrated into the �exible part of the actuators. The Von Mises stress of the structure is shown

in Figure 3.17(a), and a zoom on the highest stress is shown in Figure 3.17(b). The highest Von Mises

stress is located at the tip of the elastic layer of the actuators, under the coupling bloc. The longitudinal

stress in the piezoelectric actuators is also observed, with a value ranging from 100 MPa to 150 MPa for

a piezoelectric layer of 2 µm.

(a) (b)

Figure 3.17: 3D view of Von Mises stress in the actuators (a) and zoomed around the location of the

maximum Von Mises stress (b)

For the designed micro-loudspeaker with an elastic layer tm = 12µm, the maximum Von Mises stress

observed for a maximum static de�ection is around 300 MPa, which is way below the admitted yield

stress for silicon [111].

3.2.9 Geometric Nonlinearities

The stationary study of the model can also be used to evaluate the linearity of the loudspeaker. When

turning the evaluation of the geometric nonlinearities on, the result of the simulations drastically changes

for the clamped-guided case. Due to the di�erence of curvilinear abscissa ∆L between the deformed and

the undeformed actuator, a longitudinal stress appears in the �exible part of the actuator. This stress

sti�ens the actuator as a function of the displacement, which reduces the performance and increases the

THD. Figure 3.18(a) depicts a schematic of a beam subjected to a deformation δ0 in the z axis and of

∆L in the x axis. The displacement of the end of the actuator is prescribed along x and the de�ection

is computed with and without the geometrical nonlinearities. The comparison is depicted in Figure

3.18(b). In the �nite element model, the piezoelectric material is considered linear, and the nonlinearity

only comes from the sti�ening e�ect.
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(a) (b)

Figure 3.18: Schematic cross section of a clamped-rotation locked cantilever, highlighting the change of

projected length ∆L (a) and de�ection of the actuators, with and without considering the

geometrical nonlinearities in the �nite element model (b)

Due to the sti�ening e�ect of the �exible part of the actuators, the displacement taking into account the

geometrical nonlinearities is nine times smaller than what is simulated without the geometrical nonlin-

earities. This would result into a higher resonance frequency, and in a much lower sound pressure level.

The displacement can also be depicted as a function of the input voltage, and the result for the linear

and nonlinear cases is presented in Figure 3.19(a).

(a) (b)

Figure 3.19: Linear and nonlinear sti�ness of a clamped-guided silicon beam with a thickness of 12 µm,

a width W of 5.8 mm and a length L of 2.641 mm (a) and Von Mises stress in a clamped-

guided cantilever without (on top) and with (on bottom) nonlinearities considered (b) in

COMSOL® (not on scale)

By forcing a displacement on a simple beam, the di�erence of the distribution of the stress, taking into

account the nonlinearities or not can be observed as well in the �nite element model. In the linear case,

the concentration of stress is symmetrical on the top and the bottom of the beams, in the compressive

and tensile parts. Similarly to what is depicted in Figure 3.18(b), the de�ection shape is di�erent as well.
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To circumvent this problem, the end of the �exible part of the actuators should be free to move along x.

3.3 Linearization Spring

3.3.1 General Structure

The linearization spring is a deformable structure, placed between the �exible part of the actuators and

the moving plate. The structure appear in red in Figure 3.20, where a deformed half cross section of the

loudspeaker is represented as a rigid body model with hinges. When the �exible part of the actuators of

thickness tm bends under the stress created by the piezoelectric layer, it adopts a pseudo-clamped-guided

de�ection shape, as the end of the beam can rotate of an angle φ0, as well as the coupling block of height

h0. This rotation, due to the bending of the linearization spring in red in Figure 3.20, experiencing a

moment Mls, allows a displacement δL along x of the end of the �exible part of the actuator to diminish

the stress in this direction.

Figure 3.20: Working priniple of the linearization spring represented as hinges and rigid bodies

3.3.2 Static Modeling

The linearization spring is designed using a static and a dynamic model. The nonlinear sti�ness of a

clamped guided beam considering the sti�ening due to the elongation of the neutral line can be calculated

using [113]

Fbl = δ0k0

(
1 +

1

2

(
δ0
tm

)2
)

(3.13)

with

k0 =
12EI

L3
(3.14)

the linear apparent sti�ness of the beam and δ0 the displacement at the guided end. The analytical

nonlinear sti�ness can be compared to the linear sti�ness in Figure 3.21(a). It shows a similar behavior

as what is depicted in Figure 3.19(a), with a displacement saturating at a higher force (or higher input

voltage, converted into a force by the piezoelectric layer).
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(a) (b)

Figure 3.21: Linear and nonlinear sti�nesses of a clamped-guided silicon beam with a thickness of 12 µm,

a width W of 5.8 mm and a length L of 2.641 mm (a) and cross section schematic of the

coupling block of height h0 attached to a linearization spring (b)

To do this, the structure depicted in Figure 3.21(b) is added between the tip of the beam and the moving

plate, as it is represented with a rigid body model in red in Figure 3.20. This structure is a deformable

plate of silicon one end of which is solidly attached to the plate, and the other end is solidly attached to

a rigid part of height h0 (the coupling block), which is connected to the tip of the actuator. The sti�ness

along x of the structure depicted in Figure 3.21(b) can be derived using Bernoulli's equation for the beam

to calculate the bending torque Mls at the ending tip. The tip of the linearization spring is assumed to

not move along y, and so, only the rotation is taken into account. The moment at each point x along

the beam is equal to the second derivative of the de�ection pro�le of the beam δls(x) times the moment

of inertia and the Young's modulus of the material such as

M(x) = −EI ∂w
2
ls

∂x2
. (3.15)

Solving Equation 3.15 with the boundary conditions, clamped at x = 0 and simply supported at x = −L,
the bending torque is

kr =
4EIls
Lls

. (3.16)

To convert this bending torque into a sti�ness along x, we use that kls = kr/h
2
0, with kls the apparent

linear sti�ness of the structure along x. The height h0 behaves as a lever and a�ects greatly the apparent

sti�ness seen by the actuator. The resulting equivalent sti�ness of the beam can be added in series to

the sti�ness of the actuators along x, and the equivalent total sti�ness along x becomes

ktot =
klskac
kac + kls

. (3.17)

By using α as the ratio between the linearization spring sti�ness and the actuator longitudinal sti�ness,

Equation 3.13 is modi�ed taking the linearization spring into account and writes [113]

Fz = k0δ0

(
1 +

α

2

(
δ0
tm

)2
)
. (3.18)
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As it can be deduced from Equation 3.18, the sti�ness of the linearization spring needs to be small

compared to the longitudinal sti�ness of the beam in order to improve their linearity. The displacement

as a function of the input forces for di�erent dimensions of the linearization spring is depicted in Figure

3.22(a). As it can be deduced from Figure 3.22(a), the linearization spring greatly improves the linearity

of the displacement of the loudspeaker and should signi�cantly reduce the THD in the low frequency

range.

(a) (b)

Figure 3.22: Analytical nonlinear sti�ness without and with the linearization spring for di�erent param-

eters tls, Lls and h0 (a) and simpli�ed semi lumped cross section view of a nonlinear beam

attached to the linearization spring (b)

Knowing that the sti�ness is proportional to the cube of the thickness tls of the linearization spring,

inversely proportional to the square of the height h0 and proportional to the length Lls, an optimal

working point can be chosen in order to reduce the nonlinearities, and this corresponds to a thickness tls
of 20 µm, a length Lls of 400 µm and a coupling block height h0 of 500 µm.

To not a�ect the working principle of the loudspeaker, the linearization spring needs to be sti� enough in

the z direction, in order to transmit the complete force generated by the actuators to the plate. In order

to evaluate the in�uence of the sti�ness of the linearization spring along z, a third model is derived. This

model considers the linearization spring as a clamped-free cantilever in the z direction, and the apparent

sti�ness then writes

klsz =
EWlst

3
ls

L3
ls

(3.19)

with E the Young's modulus of silicon and Wls, tls and Lls respectively the width, thickness and length

of the coupling spring. The blocked force at the working point then writes

Fls = Fbl
1− ka
ka + klsz

(3.20)

with Fbl the blocked force and ka the apparent sti�ness of the actuator both derived from Equation 2.8.

The working point, the force displacement curve and the sti�ness of the linearization spring are displayed

in Figure 3.23(b).
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(a) (b)

Figure 3.23: Cross section schematic of the piezoelectric actuator linked to the plate of the loudspeaker

by an apparent sti�ness klsz (a) and working curves of the actuators crossing the di�erent

sti�nesses at di�erent working points (b)

By choosing a sti�er linearization spring, the actuators can fully transfer their force to the plate. It means

that the linearization spring doesn't change the blocked force of the actuators, and won't in�uence the

radiated sound pressure level.

3.3.3 Dynamic Modeling

To ensure the linearization spring is not creating an additional modal behavior in the frequency range

of interest, the system is simulated by a two degrees of freedom system. The linearization spring is the

spring linking the mass of the actuators and the mass of the plate. The equivalent circuit presented in

Figure 2.5, neglecting the radiation impedance, is adapted to take into account the linearization spring

and is presented in Figure 3.24.

v

Fin

Rms1 Mms1

Cms

Cls

Rms2

Mms2

Figure 3.24: Lumped equivalent network of the loudspeaker with a linearization spring

Using the previously derived parameters for the actuators and the linearization spring, the expected

pressure response is calculated using
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p(r) = jωρSd
Fin

Zls +Rms1 + jωMms1 + 1
jωCms

ejk0r

2πr
(3.21)

with

Zls =
−ω2ClszRms2Mms2 + jωMms2

−ω2ClszMms2 + jωClszRms2 + 1
(3.22)

and Mms1 the mass of the actuators and the coupling block, Clsz the compliance of the linearization

spring in the z direction, Cms the compliance of the actuators, Mms2 the mass of the plate and Rms1
and Rms2 the mechanical losses in the bending elements.

(a) (b)

Figure 3.25: Pseudo rigid half cross section of the loudspeaker (a) and pressure radiated by this model

in free �eld (b)

As it is presented in Figure 3.25(b), the linearization spring with the chosen dimensions does not a�ect

the approximated pressure response in the frequency range of interest. From these models, a state space

model is derived in the next section in order to see the in�uence of the nonlinearities on the dynamic

response of the loudspeaker.

3.4 State Space Modeling

After using the lumped element model of the loudspeaker to optimize the linear performance, and a �nite

element model to evaluate the three dimensional behavior of the loudspeaker, as well as the geometrical

nonlinearities, a nonlinear model is derived in order to evaluate the linearity of the loudspeaker in the fre-

quency domain. To model the nonlinearities of classical electrodynamic loudspeakers, state space models,

port-Hamiltonian systems, Hammerstein models and power series have been extensively used [114�120].

State space models are the most commonly used models to simulate nonlinear e�ects in electrodynamic

loudspeaker, and have shown accurate results. A state space representation is a representation of a sys-

tem in the time domain. State space modeling mainly consists in entirely describing a system with state

variables, that can be any quantities that can be described by di�erential equations, and expressing the

derivative of these quantities as a function of the quantities. The general form of the state space model

is written
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ẋ = Ax+Bu

y = Cx+Du
(3.23)

The second equation is not needed for our problem, and the �rst equation could be detailed as

∂

∂t


x1

x2
...

xn

 =


a11 a12 . . . a1n

a21 a22 . . . a2n
...

...

an1 an2 . . . ann



x1

x2
...

xn

+


b11 . . . b1r

b21 b2r
...

...

bn1 . . . bnr



u1

u2
...

ur

 . (3.24)

where x is the state vector, containing n variables, A is the state matrix, linking the state vector to

its derivative, B is the input matrix and u contains the input signals. A state space system is usually

represented as a block schematic, as shown in Figure 3.26.

+
+

+
+

Figure 3.26: Block schematic representation of a state space model

Using a bilinear transform to approximate the derivatives, the discrete matrices can be written as

Ad =

(
I− 1

2
ATs

)−1(
I+

1

2
ATs

)
(3.25)

and

Bd =

(
I− 1

2
ATs

)−1
BTs. (3.26)

The system can then be solved iteratively by using

x(k + 1) = AdX(k) +Bdu(k) (3.27)

with k the iteration and Ts the sampling time.

3.4.1 Free Field

From the equivalent electrical circuit of the piezoelectric loudspeaker, whose parameters are amplitude

dependent, as it presented in Figure 3.27, the governing equations can be derived.
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iin(t) Rg

Cp(uc)

1:γ(uc) v(t)it(t)

ic(t)

uc(t)uin(t) Fin(t)

FCms(t)

Rms Mms
Cms(x)

Sd:1

Zr

Figure 3.27: Linear lumped equivalent network of the loudspeaker

As in classical bigger electrodynamic loudspeakers, the expected main nonlinearities are expected to be the

transduction γ, that depends on the input voltage, the compliance Cms, that depends on the displacement

and the capacitance Cp that depends on the voltage uc. All other parameters are considered constant.

The e�ect of the radiation impedance Zrad on the behavior of the loudspeaker is considered as very small

in the frequency range of interest, and the circuit can be simpli�ed to the electrical and the mechanical

parts only. The system contains three elements that store energy, the electrical capacitor Cp, that stores

an electric charge, the compliance Cms, that stores potential energy, and the mass Mms that stores

kinetic energy. The displacement is needed to simulate displacement dependent nonlinear e�ects, but is

not required to fully de�ne the system. The circuit can be described by the following equations

∂uc(t)

∂t
= − γ(ut)

Cp(uc)
v(t)− 1

RgCp(uc)
uc(t) +

1

RgCp(uc)
uin(t), (3.28)

∂v(t)

∂t
=
γ(ut)

Mms
ut(t)−

Rms
Mms

v(t)− 1

Mms
FCms(t), (3.29)

∂x(t)

∂t
= v(t) and (3.30)

∂FCms(t)

∂t
=

1

Cms(x)
v(t). (3.31)

By de�ning the state vector as the voltage uc(t) across the capacitor Cp, the velocity v(t) inside the

mechanical circuit, the displacement x(t) and FCms(t) the force generating the bending of the actuator,

the matrix A and B can then be derived from Equations 3.28 to 3.31 and write

∂

∂t


uc(t)

v(t)

x(t)

FCms(t)

 =


− 1
RgCp(uc)

− γ(uc)
Cp(uc)

0 0
γ(ut)
Mms

− Rms
Mms

0 − 1
Mms

0 0 1 0

0 1
Cms(x)

0 0




uc(t)

v(t)

x(t)

FCms(t)

+


1

RgCp(uc)

0

0

0

uin(t). (3.32)

Using Equation 3.27, the system is solved numerically. The sampling frequency is chosen high enough in

order to avoid unwanted distortion in the audio range. The velocity of the system v(t) resulting from an

input dirac voltage is calculated and used to calculate the frequency response using the Hyugens integral.

The radiated pressure at 10 cm can then be displayed as a function of frequency, as it is shown in Figure

3.28(a). Using a multitone signal, the absolute amplitude of the state space model can be compared with

the amplitude simulated using a lumped element method. There is a perfect agreement between the two

models, as it is presented in Figure 3.28(a).
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(a) (b)

Figure 3.28: Pressure response calculated with the state space model and with the lumped model (a) and

input multitone signal and the resulting displacement x(t) computed with the State Space

model (b)

In addition to the simulated frequency response of the loudspeaker, the time input signal uin(t) and the

displacement x(t) of the loudspeaker are displayed in Figure 3.28(b). As expected, the displacement of

the loudspeaker is delayed compared to the input signal, and the high frequencies are �ltered, due to the

low pass �lter shape of the frequency response of the displacement. Using this model, the value of the

linear parameters, such as the compliance Cms, the transduction factor γ and the capacitance Cp can be

set to be level dependent, in order to introduce nonlinearities in the model, such as discussed in Section

1.3. The nonlinear parameters can be determined from analytical models, �nite element simulations or

measurements. To evaluate the total harmonic distortion of the loudspeaker in free �eld, the geometric

nonlinearity Cms(x) is expressed with Equation 3.18. The nonlinearity of the transduction factor γ(uc) is

expressed from an electromechanical measurement of the piezoelectric material presented in Section 4.2.

(a) (b)

Figure 3.29: Nonlinear theoretical Cms(x) function (a) and nonlinear γ(uc) �tted from measurements (b)

Figure 3.29(a) depicts the nonlinear sti�ness of the loudspeaker. It shows that the increase of displacement

is smaller for larger forces. Although the loudspeaker is not symmetric along z, the nonlinear sti�ness
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is assumed to be identical for positive and negative values of force and displacement. The transduction

factor γ(uc) is estimated using Equation 3.33 and a �t of the measurement of the piezoelectric coe�cient

e31,f as a function of the input voltage. The �tted function is of the form

f(x) = a ln (bx)− cx+ d (3.33)

with a, b, c and d determined using a nonlinear �tting algorithm. The measurement and the �tted

function are depicted in Figure 3.29(b). For the nonlinear capacitance, the hysteresis is neglected and a

Lorentz function is used on a measurement of the capacitance as a function of the input voltage. Using

Equation 1.6 and the nonlinear functions, the THD of the loudspeaker can be computed for di�erent

input voltages uin and independently for each parameters, as presented respectively in Figure 3.31(a)

and 3.31(b).

(a) (b)

Figure 3.30: Nonlinear capacitance Cp(uc) �tted to a measurement (a) and total harmonic distortion

calculated with the nonlinear model for the loudspeaker with and without linearization

spring (b)

Figure 3.30(b) shows the advantage of the linearization spring on the linearity of the loudspeaker. Without

linearization spring, the total harmonic distortion rises above 90% at the resonance. With the linearization

spring, the THD is around 1% in the whole audio frequency range, with an actuation of 1 V.
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(a) (b)

Figure 3.31: Total harmonic distortion at uin = 1.5 V independently for each parameters (a) and for

di�erent input levels uin (b)

In Figure 3.31(a) the THD is depicted independently for the three nonlinear parameters. The variation

of the capacitance Cp with the input voltage creates a negligible distortion in the entire frequency range.

The distortion due to the transduction factor γ is constant up to a third of the resonance frequency of

the loudspeaker, where the second harmonic is ampli�ed by the frequency response of the loudspeaker.

At half the resonance frequency, a second peak of THD is observed. The THD then decreases up to

the resonance frequency and starts to increase in the higher frequency range. The variation of the

compliance Cms being dependent on the displacement, the distortion generated is at a constant level

below the resonance frequency. A peak appears at half the resonance frequency, similarly than for the

transduction factor. As the displacement increases at the resonance frequency, a peak of distortion is also

observed at the resonance frequency of the loudspeaker. Figure 3.31(b) shows the THD on a logarithmic

scale for di�erent input voltages uin. The THD increases with the level and the general shape remains.

But the e�ect of subharmonics is ampli�ed and peaks of distortion down to a sixth of the resonance

frequency can be observed for the highest input voltage. For an input level of 12 V, the THD is expected

to be as high as 100% below the resonance frequency, which is in line with what is observed for commercial

non-MEMS loudspeaker.

3.4.2 In-Ear

Similarly to what is presented for free �eld applications, the model can be extended to in-ear applications.

The electrical equivalent circuit of the loudspeaker radiating inside an IEC 60318-4 coupler is shown in

Figure 3.32. The equivalent circuit is written in its nonlinear form, including the parameters Cms(x),

varying with the displacement and the parameters γ(uc) and Cp(uc) varying with the voltage uc(t) across

the piezoelectric layer. Equations 1 to 13 in the appendix A are derived from the equivalent circuit,

and the state matrix is also derived from these equations once a state vector is chosen and presented in

Equation 3.34.
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Firstly and similarly to what is presented for the free �eld case, the frequency response of the main

loudspeaker inside a coupler is compared with the one computed with the lumped element model. The

comparison is presented in Figure 3.33(a).

(a) (b)

Figure 3.33: Pressure response calculated with the state space model for di�erent sampling frequencies

Fs and with the lumped model (a) and input multitone signal and the displacement x(t)

computed with the state space model (b)

Both frequency responses are identical, except for the small discrepancies in high frequencies for a sam-

pling frequency of 384 kHz. For a sampling frequency of 48 kHz, the discrepancies are too large, and are

more critical in the case of the in-ear simulation, compared to the free �eld case, where the frequency

response is constant in the higher frequency range. The di�erence being small and as an increase of the

sampling frequency increases the computation time, the sampling frequency is chosen to be Fs = 384 kHz.

Similarly as for the free �eld case, nonlinear parameters are programmed to be level-dependent and the

THD is computed for di�erent input levels and independently for each parameter. In the time domain

and as it is depicted in Figure 3.33(b), the low pass �lter behavior of the transducer inside the coupler is

observable when a multitone signal is used.
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(a) (b)

Figure 3.34: Total harmonic distortion at uin = 1.5 V independently for each parameters (a) and for

di�erent input levels uin (b)

Similarly to what is observed for the free �eld case, the variation of the capacitance Cp with the voltage

uc creates a negligible harmonic distortion, a few orders of magnitude lower than the one generated by

the two other nonlinear parameters as it is depicted in Figure 3.34(a). The THD due to the variation of

the compliance Cms is maximum around the mechanical resonance of the loudspeaker inside the coupler,

at approximately 1 kHz. It remains high in lower frequencies. The distortion due to the transduction

factor is the biggest contribution to the total harmonic distortion and is similar to the frequency response

of the loudspeaker, but shifted one octave lower in frequency. Figure 3.34(b) depicts the evolution of the

THD with the level on the input voltage uin. The overall shape of the THD is similar and increases with

the input voltage. Subharmonics peaks appear for lower levels due to the resonances of the coupler. At

an input voltage of 12 V, which corresponds to a pressure inside the coupler of more than 120 dBSPL, the

THD is as high as 10% for most frequencies.

3.4.3 Loudspeaker Design Summary

From the previously described studies, the �nal dimensions of the loudspeaker are set and the loudspeaker

is declined into di�erent variants. The main variant is the 6× 6 variant, as a reference to the dimensions

of the moving plate. The main dimensions of the actuators of the loudspeakers are recalled in Figures

3.35(a) and 3.35(b) for the bottom wafer, and are depicted in Figures 3.8(a) and 3.8(b) for the top wafer.
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(a) (b)

Figure 3.35: 3D CAD view of the actuators of the loudspeaker (a) and partial cross section of the actuators

of the loudspeaker (not to scale) (b)

Table 3.2 recalls the varying dimensions of the variants of the loudspeaker. Parameters related to the

thicknesses are �xed by the manufacturing process and are not modi�ed. A few parameters are not

variant dependent, such as h0 the height of the coupling block that is set to 500 µm, Lfpx the width of

the plain frame around the plate in the x direction that is set to 100 µm, Lfpy the width of the plain

frame around the plate in the y direction that is set to 99 µm, Lls the length of the coupling spring

determined in Section 3.3 that is set to 500 µm, tpl the total thickness of the plate that is set to 80 µm,

tpp the thickness of the plain plate that is set to 20 µm, ws the width of the air interstice between the

moving plate and the frame, determined in Section 3.2.6 and set to 9 µm, tm the thickness of the �exible

part of the actuators that is set to 12 µm, tp the thickness of the piezoelectric material is set to 2 µm and

Wcf the width of the center frame that is set to 500 µm.

Table 3.2: Main dimensions of the nine di�erent variants of the loudspeaker (mm)

Parameter
6× 6

(1)

8× 8

(2)

8× 6

(3)

6× 8

(4)

5× 5

(5)

4× 4

(6)

4× 3

(7)

3× 4

(8)

3× 3

(9)

Sd (mm2) 36 64 48 48 25 16 12 12 9

W 5.8 7.8 5.8 7.8 4.8 3.8 2.8 3.8 2.8

L 2.641 3.641 3.641 2.641 2.641 1.641 1.641 1.641 1.641

Wp 6 8 6 8 5 4 3 4 3

Lp 6 8 8 6 5 4 4 3 3

LPZT 1.2255 1.7255 1.7255 1.2255 0.9755 0.7255 0.7255 0.4755 0.4755

Wls 5.782 7.782 5.782 7.782 4.782 3.782 2.782 3.782 2.782

Lrr 0.6491 0.9349 0.9349 0.6491 0.5063 0.3634 0.3634 0.2206 0.2206

Wrr 0.5 0.6818 0.5 0.6818 0.409 0.3182 0.2273 0.3182 0.2273

Frequency responses of the nine designs are depicted in Figure 3.36(a). The smaller designs are safer in

terms of maximum stress, because their resonance frequency are higher, leading to a smaller displacement

of the moving plate below the resonance frequency. The larger designs are displaying better performance,

with a lower resonance frequency and a similar sound pressure level, leading to a wider bandwidth, but

the maximum stress in the actuators is higher than the recommended one for silicon.
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Also, larger designs are softer in the z direction but also in the x and y directions, leading to a poorer

guiding of the moving structure. As the resonance frequency of the loudspeaker depends mainly on

the length of the actuators, the rectangular design have a similar resonance frequency as the square

loudspeaker of same length.

(a) (b) (c)

Figure 3.36: Frequency responses of the di�erent variants of the loudspeaker simulated using the lumped

element circuit of Section 2.2 (a), 3D CAD view of the 3× 3 variant (b) and of the 8× 8

variant (c)

The loudspeakers are then equally distributed on the wafer, in order to make them more independent

of the etching inhomogeneity across the radius of the wafer. The mapping of the cell in which the

loudspeakers are manufactured is presented in Figure 3.37 and the variants correspond to the number

given in Table 3.2. The external size of the frame does not vary with the dimensions of the loudspeaker, as

it is depicted in Figure 3.36(b) and 3.36(c). Each cell measures 10×10 mm2 and 137 cells are distributed

on the 200 mm wafer, as depicted in Figure 3.37.
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Figure 3.37: Mapping of the loudspeakers on the wafer

Test zones, providing standardized capacitors and other devices related to testing of the correct manu-

facturing of the piezoelectric layer for example are also distributed on the wafer and are identi�ed with

a T in Figure 3.37. Four larger zones are reserved for electromechanical tests devices in cells T1, T2, T3

and T4. Loudspeakers are then manufactured using the process �ow detailed in Section 4.2.

3.5 Chapter Conclusion

In this chapter and from the parameters derived in Chapter 2, two more advanced models were derived,

in order to simulate three-dimensional aspects of the loudspeaker, as well as evaluating the nonlinear

performance of the loudspeaker. In the next chapter, the manufacturing process that was designed

concurrently with the �nite element model is detailed, as well as the characterization results.
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4.1 Chapter Introduction

In the �rst part of this chapter the manufacturing process is detailed step by step, and pictures of

the devices are presented at the same time. In the second part, electrical, mechanical and acoustical

measurements of the devices and of the ampli�er are presented and compared to the modeled ones.

4.2 Technological Realization

4.2.1 Bottom Wafer (Electromechanical Wafer)

Oxide on Device Layer

The �rst wafer is a thick silicon �lm on insulator wafer. After being polished and oxidized, the device

wafer is bonded on the handle wafer by an automated wafer bonder. The device layer is then grinded

down to the desired thickness [121]. The process starts with the wafer with the needed dimensions, a

12 µm thick device layer, and a 675 µm thick handle wafer, separated by a 1 µm thick oxide layer.

Figure 4.1: Bottom wafer

A 500 nm thick layer of oxide is then deposited on the device layer, and this oxide is thermally strengthened

at 800°C, in a N2 + O2 vapour, as it is presented in Figure 4.1.

Piezoelectric Stack Deposition

Then a layer of 10 nm of Ti is deposited on the top of the SiO2 layer, and oxided to a 20 nm TiO2 layer.

The bottom electrode, a layer of 100 nm of platinum is deposited by chemical vapor deposition. The PZT

is then deposited by spin coating by a successive deposition of layers of 50 nm, until the total thickness

of 2 µm is achieved. The top electrode, similarly to the bottom electrode, is deposited by chemical vapor

deposition on the top of the PZT and is 100 nm thick. The resulting technology stack is presented in

Figure 4.2.

Figure 4.2: Bottom wafer after deposition and etching of the PZT stack layers

After being deposited, the crystalline structure orientation of the PZT can be measured using a X-ray

di�ractometry (XRD). The result on one wafer is presented in Figure 4.3(a). The required orientation to

maximize the piezoelectric e�ect are the planes (100), (010) and (001), where the outside planes of the

tetragonal structure are normal to the electric �eld. On the measurement, the �rst peak corresponds to
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this orientation, at 2θ = 22°. At 2θ = 31°, the proportion of crystalline structure in the (110) orientation

appears, but they only represent approximately 3 % of the total. The orientation (111) appears at

2θ = 38° in a similar proportion as the (110) orientation. The largest peak at 2θ = 40° is due to the

crystalline structure of the platinum electrodes, schematically represented in Figure 4.3(b), as well as the

three orientations of the PZT.

(a) (b)

Figure 4.3: XRD measurement of the piezoelectric stack showing the desired orientation (100) of the PZT

lattice (a) and planes (100), (110) and (111) for a tetragonal structure (PZT) and plane (111)

for a face-centered cubic structure such as the one of platinum (b)

Hard Mask Back Cavity

A hard mask is then etched on the back side of the wafer, in the thermal oxide layer, using a plasma

etching. This hard mask is used at the end of the process to release the structure and remains only on

the peripheral and on the center frame of the backside of the loudspeakers. The resulting technology

stack is presented in Figure 4.4.

Figure 4.4: Bottom wafer after etching of the hard mask on the handle wafer side

Piezoelectric Stack Etching

The top electrode, the PZT layer and the bottom electrodes are then etched by plasma etching to meet

the designed shapes.
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Figure 4.5: Bottom wafer after etching of the PZT stack

At this step, the piezoelectric characteristics of the devices are evaluated using an AixACCT TF Analyzer

2000. The polarization loop is evaluated on a 1 mm2 test capacitor using a triangular signal of 100 Hz,

after a prepolarization pulse. No average is used and the polarization loop for three di�erent input

voltages is depicted in Figure 4.6(a). At a polarization voltage of 50 V, corresponding to an electric �eld

of 25 MV m−1 for a thickness of 2µm of piezoelectric layer, the material seems to not be completely

saturated, as it can be deduced from the tangential slope at the maximum electric �eld.

(a) (b)

Figure 4.6: Polarization as a function of the electric �eld (a) and capacitance as a function of the input

voltage (b) on test devices on the manufactured PZT

The variation of the capacitance of the piezoelectric layer is then measured using various constant voltage

signals on which a smaller sine is added. The capacitance is then estimated with the sine for di�erent

o�sets, and this gives the curve depicted in Figure 4.6(b). For a maximum voltage of 25 V, the capacitance

is as low as 2.8 nF, which is two times lower than the nominal value with no o�set. Using the Double Laser

Interferometer (DBLI) and the procedure described in [122] and [123], the electromechanical transverse

piezoelectric coe�cient e31,f can be estimated from the measurement of the longitudinal piezoelectric

coe�cient d33,f . Values ranging from 15 C m−2 to 17 C m−2 were estimated from the measurements which

are in line with the expected values. Using the lumped element model, the minimum and the maximum

pressure responses can be calculated using the estimation of the transverse piezoelectric coe�cient and

the response calculated in Chapter 2 are presented in Figure 4.7(b).
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(a) (b)

Figure 4.7: Displacement as a function of the electric �eld on a test device (a) and expected pressure

response of the loudspeaker with the e31,f estimated from the electromechanical measurements

(b)

As it can be seen in pink in Figure 4.7(b), the variation of the transverse piezoelectric coe�cient only

changes the expected radiated pressure by less that 3 dB, and the resonance frequency is not a�ected, as

e31,f is only a�ecting the input force Fin. From these measurements, the variation of the piezoelectric

transverse coe�cient with the input electric �eld can also be estimated, in order to be used in the model

presented in Section 3.4.1. These electrical and electromechanical measurements validate the adequate

functioning of the piezoelectric actuators.

Passivation Deposition and Etching

A SiO2 TEOS layer is then deposited by plasma enhanced chemical vapor deposition and is then etched

to open the access to the bottom and top electrodes. This layer, called the passivation, is used as a

protective layer for the PZT. The resulting technology stack is presented in Figure 4.8.

Figure 4.8: Bottom wafer after deposition and etching of the passivation layer

Metal Pads Deposition and Etching

A 500 nm thick layer of Au is deposited by electron beam physical vapor deposition on an adhesive 20 nm

thick layer of Ti, deposited with the same process. Both layers are then etched with a wet etching process

to meet the desired shape. The resulting technology stack is presented in Figure 4.9. Microscope pictures

of the devices at this stage of the manufacturing process are presented in Figures 4.10(a) and 4.10(b).
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Figure 4.9: Bottom wafer after deposition and etching of the metal pads

The gold conductors are used to connect separately the top and bottom electrodes, in order to apply

the electric �eld to the piezoelectric layer. As the loudspeaker needs a signi�cant amount of power

compared to smaller MEMS devices, the gold connectors width is set to 500 µm. In order to simplify the

characterization of the loudspeaker on wafer, the spacing and the dimensions of the connectors on the

other end is not varying with the di�erent variants of the design.

(a) (b) (c)

Figure 4.10: Microscope picture of the connection between the top electrode and the gold conductor (a),

zoom on the gold connector connecting the top electrode (b) after the etching of the gold

pads and location of the pictures on a 2D view of a loudspeaker (c)

In Figure 4.10(a), the connection between the top electrode of a loudspeaker with the gold conductor (in

dark yellow) is depicted. The bottom right light green rectangular shape is the complete piezoelectric

stack, on which the top electrode appears through the opening of the passivation layer to receive the gold

connector. In Figure 4.10(b), a zoom on the gold conductor deposited on the edge of the piezoelectric

stack is depicted. It shows the di�erence of focus between the bottom of the stack (on the left) and the

top of the stack (on the right). This perspective emphases the topography of 2.2µm of the piezoelectric

stack, and the good continuity of the electrical path between the top and the bottom of the stack. The

vertical black line which is crossed by the gold conductor is the slope of the PZT. Figure 4.10(c) depicts

the locations at which the pictures from Figure 4.10(a) and Figure 4.10(b) are taken on the loudspeaker.

At this stage, Scanning Electron Microscope (SEM) is used on the wafer to verify the thickness of the

layers. The SEM picture of the device layer and of the PZT is depicted in Figure 4.11(a) and shows the

typical slope of the PZT after the etching, and a zoom on the piezoelectric layer, showing the bottom

and top platinum electrodes is depicted in Figure 4.11(b).
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(a) (b)

Figure 4.11: SEM picture of the device layer of the bottom wafer (a) and zoom on the PZT stack (b)

Etching of the Device Layer

Dry etching processes are then used on the passivation layer, the thermal oxide and the device layer

around the actuators in order to pre-etch the shape of the actuators. The resulting technology stack is

schematically represented in Figure 4.12.

Figure 4.12: Bottom wafer after the pre-release of the structure in the device layer

The etching is �rst performed on the SiO2 layer of 800 nm and is then performed on the 12 µm of the

device layer, with a stop in the SiO2 box layer. During this operation, the periphery of the rigid frame

of the loudspeaker is also etched in order to separate them later in the process. A picture of one side of

one device is depicted in Figure 4.13(a) at this stage of the manufacturing process. In this �gure, the

periphery etch of the actuators appears in dark green, and the denomination of the device, etched in the

gold layer is depicted at the top of the �gure. In Figure 4.13(b), a zoom on the edge of the piezoelectric

stack, close to the partial etch of the actuators is depicted. It shows a shadow due to the 12 µm of

topography on the device.
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(a) (b) (c)

Figure 4.13: Microscope picture of the connection between the top electrode and the gold conductor (a),

zoom on the gold connector connecting the top electrode (b) after the etching of the gold

pads and locations of the pictures on a 2D view of a loudspeaker (c)

In Figure 4.14(a), a picture of a wafer at this step of the manufacturing process is depicted. The iridescent

color of the wafer is due to the passivation layer. In the zoom in Figure 4.14(b), the di�erent variants

of the loudspeaker are recognizable, and are distributed as described in Figure 3.37. The partial etching

around the devices appears in green.

(a) (b)

Figure 4.14: Picture of the bottom wafer after the etching of the device layer (a) and zoom on the wafer

(b)

Deposition and Patterning of the SINR

In order to bond this wafer with the second one, a layer of 7 µm of SINR is spin coated and patterned

to meet the desired shape, at the tip of the actuators and on the frame of the device. The resulting

technology stack is presented in Figure 4.15. The SINR remains only at the tip of the �exible part of

the actuators, corresponding to the coupling block on the top wafer, and on the rigid frame around the

loudspeaker. During the bonding, wafers are aligned with a tolerance of ±10 µm, and the structure is

designed to not be in�uenced by this uncertainty.

Figure 4.15: Bottom wafer after the deposition and patterning of the SINR glue
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4.2.2 Top Wafer (Mechanoacoustical Wafer)

Hard Mask Back Cavity Deposition

The second wafer is a thick �lm on insulator wafer, whose dimensions are 80 µm thick for the device layer

and 500 µm thick for the handle wafer. The device layer of 80 µm is used for the moving plate of the

loudspeaker, and the handle wafer is used for the coupling blocks and the outside frame. The process on

the second wafer starts with a 4 µm deposition of SiO2 on the back side of the wafer by plasma enhanced

chemical vapor deposition. The top wafer after the hard mask deposition is presented in Figure 4.16.

Figure 4.16: Top wafer after hard mask deposition on the handle wafer side

Hard Mask for the Back Cavity

Analogously to the �rst wafer, the 4 µm hard mask is etched on the back side using a plasma etching

process. The resulting technology stack is presented in Figure 4.17. This hard mask is used for the full

sheet etching of the handle wafer later in the manufacturing process. The hard mask remains only on

the surrounding frame and on the coupling blocks of the loudspeaker.

Figure 4.17: Schematic technology stack after the etching of the back hard mask

Hard Mask Sti�eners

On the device layer side of the wafer, a 2 µm thick hard mask is deposited and etched in order to etch the

sti�eners of the plate later on. The resulting technology stack is depicted in Figure 4.18. Two pictures of

the device layer after this step are depicted in Figure 4.19. The �rst picture depicts the complete moving

plate of a device, with the linearization spring highlighted in blue and the sti�eners rectangles in a light

shade of brown. The periphery of the plate, whose width is 9 µm is hardly visible. In Figure 4.19(b) a

zoom on the peripheral etching is depicted where the interstice of the plate is highlighted in blue,.

Figure 4.18: Top wafer after etching of the hard mask on the device layer
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(a) (b)

Figure 4.19: Microscope picture of the hard mask of the device layer on the top wafer after etching on a

complete moving plate (a) and zoom on the interstice (b)

Calibration of the Partial Etch

In parallel to the manufacturing process, the two next etches are �rst calibrated on test wafers, as they

need to be time stopped. The same lithography masks are used, but on a classical silicon wafer, without

device and buried oxide layers. The objective is to obtain a 80 µm deep etch on the periphery of the

plate, a plain plate of 20 µm and sti�eners with a height of 60 µm. The �rst etch of depth tpe depicted in

Figure 4.20(b) is stopped by time counting, aiming at a depth of approximately 50 µm. The second etch

is stopped by the buried oxide layer on the real devices, leading to tpe + tfe equal to 80 µm. The plain

plate is then de�ned by tpp, as depicted in Figure 4.20(c), which is not necessarily equal to 80 µm − tfe
on real devices. On the real devices and due to the di�erence of opening between both slots, the etch

rate of the left slot of Figures 4.20(c) is slower than the etch rate on the right.

(a) (b) (c)

Figure 4.20: Test silicon wafer with a hard mask for the frame and the sti�eners (a), after the partial

etch of the interstice around the plate and the linearization spring (b) and after the second

etch (c)

In Figure 4.21, two SEM pictures of a test device used for the calibration of the partial etch are shown.

Measurement in Figure 4.21(a) shows that the etch in the larger opening, corresponding to the periphery of

the linearization spring is deeper than the slot corresponding to the periphery of the plate. Measurement

in Figure 4.21(b), shows the correct depth for a sti�ener in the center of the plate. The partial etch is

�nally set to a depth of approximately 55 µm, depending on the location of the wafer.
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(a) (b)

Figure 4.21: SEM picture of the calibration of the partial etching in the device layer of the top wafer at

the periphery of the plate (a) and on a sti�ener (b)

Partial Etch

From the calibration de�ned previously, a 55 µm deep dry etching is performed using a 5µm mask. The

resulting technology stack is presented in Figure 4.22. In Figure 4.23(a), a microscope picture of one plate

after the partial etching and the stripping of the mask is depicted. The hard mask is depicted in darker

brown. The partial etch slot is done with a larger mask, in order to circumvent possible misalignment

issues.

Figure 4.22: Top wafer after the partial etching around the linearization spring and the moving plate

(a) (b)

Figure 4.23: Microscope picture of a device after the partial etching of the periphery of the plate (a) and

zoom around the periphery of the plate (b)
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Back Cavity Etching

The last manufacturing step on the top wafer is the full sheet Deep Reactive Ion Etching (DRIE) of

500 µm for the back cavity on the top wafer, using the previously deposited and etched hard mask. This

etching de�nes the coupling blocks and the rigid frame of the loudspeaker and the resulting technology

stack is depicted in Figure 4.24.

Figure 4.24: Top wafer after the back cavity etching

4.2.3 Wafer Bonding

Bonding

Wafers are aligned using an automated wafer aligner and a picture of both wafers is shown in Fig-

ure 4.26(a). Figure 4.26(b) depicts a similar view as the microscope picture from the CAD model in

Solidworks®. Accordingly to the designed masks, wafer needs to be aligned within ±10 µm in the x and

y direction in order for the loudspeakers to operate correctly. Using a dedicated wafer bonding machine,

the back side of the top wafer is bounded on the front side of the bottom wafer by slightly heating the

SINR. The resulting technology stack is presented in Figure 4.25.

Figure 4.25: Top and bottom wafers after bonding

For the bonding, a partial vacuum of 500 mbar is used, because at this stage of the manufacturing process

the center cavity is sealed, and di�erences of pressure would result in the deformation of the moving plate.

A low bonding pressure is used as well, of only 2 kN, due to the fragility of the structure, especially on

the top wafer, where surfaces of approximately 80 mm2 are only 80 µm thick.
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(a) (b)

Figure 4.26: Infrared microscope picture of a 3× 4 device after bonding (a) and same device as designed

in Solidworks® (b)

Etching of the Sti�eners

Using the previously de�ned hard masks, the sti�eners are dry etched on the front side of the second

wafer, with a stop on the buried oxide layer of the top wafer. The resulting technology stack is depicted

in Figure 4.27. Then, the 1 µm thick remaining oxide layer in the interstice of the plate and around the

linearization spring is etched.

Figure 4.27: Wafer 1 and 2 after etching of the sti�eners on the device side of the top wafer

In Figure 4.28(a) the top wafer after the etching of the sti�eners is depicted. In Figure 4.28(b), a zoom

around the linearization spring shows the iridescent layer of oxide, 80 µm below the top of the plate.
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(a) (b)

Figure 4.28: Microscope picture of the top wafer after the etching of the sti�eners (a) and zoom around

the linearization spring (b)

Full Sheet Etching of the Back Cavity and Remaining Oxides

For the release of the structures, wafer are �ipped and a full sheet DRIE of 675 µm is performed on

the handle wafer side. The etch is stopped on the buried oxide layer of the bottom wafer. Finally, the

remaining oxide layers are removed. The resulting technology stack, �ipped again is depicted in Figure

4.29.

Figure 4.29: Wafer 1 and 2 after full sheet etching of the back cavity on back side 1 and etching of

remaining oxides

At the end of the process, wafers are diced using a laser dicing process. A laser is focused inside the silicon,

and this amorphizes the silicon in a vertical plane. The devices are then separated mechanically using a

expended tape, on which the wafer was previously attached [124]. A picture of the diced loudspeakers is

depicted in Figure 4.30(b), as well as a picture of a diced loudspeaker on a one euro coin, taken with a

binocular magni�er in Figure 4.30(a).
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(a) (b)

Figure 4.30: Picture of a diced 6× 6 loudspeaker on a one euro coin (a) and picture of a wafer after the

dicing process (b)

4.3 Mechanical Characterization

4.3.1 Sti�ness

The sti�ness of the loudspeaker is measured using a nanoindenter (MTS Nanoindenter XP) with the

technique presented in [125]. The nanoindenter is mainly composed of a shaft, guided along z and able to

move in this direction using an electromagnetic actuator. The force applied to the shaft is calculated using

the current supplied to the coil of the electromagnetic actuator and gives a resolution below 1 nN. The

displacement of the shaft is measured using a capacitive sensor, giving a resolution in the subnanometer

range. A schematic of the nanoindenter is depicted in Figure 4.31(a). The loudspeaker is glued on a �at

hard surface, with the moving plate facing the indenter tip. The indenter tip is a rounded cone tip with

a radius of 50 µm. The nanoindenter is then set to measure the resulting force while applying a �xed

displacement of approximately 20 µm on the center of the moving plate. The resulting curves, measured

on a 5× 5 and on a 4× 4 loudspeaker are depicted in Figure 4.31(b).

(a) (b)

Figure 4.31: Schematic cross section of a nanoindenter (a) and sti�ness measured and simulated on two

loudspeakers (b)
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The apparent sti�ness simulated is about 24 % higher than the one measured for the 4× 4 variant, and

the sti�ness simulated is approximately 18 % smaller than the one measured for the 5 × 5 variant. Due

to the manufacturing process and the uncertainty on the thickness of the device layer of the bottom

wafer, the uncertainty on the value of the sti�ness is quite large. The equation for the uncertainty on the

apparent compliance is derived in appendix C and this lead to Cms = 2.1±0.4 m N−1 for the 4×4 variant

and to Cms = 3.60 ± 0.74 m N−1 for the 5 × 5 variant. Considering these rather large uncertainties, the

simulation predicted correctly the measurement. Unfortunately, no measurement were made on the other

variants of the loudspeaker.

4.4 Electrical Characterization

4.4.1 Impedance

The electrical impedance of the loudspeaker is measured using a E4990A Impedance Analyzer and is

compared to the electrical impedance calculated in Section 2.2.11.

(a) (b)

Figure 4.32: Impedance of the loudspeaker (a) and reactive power of the loudspeaker calculated using

the measured impedance (b)

The comparison of the model and of the measurement is presented in Figure 4.32(a). The value of the

capacitor Cp is adjusted to 70 nF to �t the measurement. This leads to a PZT relative permittivity of

1115, which is in agreement with the literature. The value of Rs and Rp are respectively too small and too

large to be measured with this technique, and can be assumed to be in�nitely small and in�nitely large.

Using a multimeter, the measured value is 73 nF. By assuming the ampli�er gives a constant voltage of

30 V in the entire frequency range, the complex power drawn by the loudspeaker can be calculated and is

depicted in Figure 4.32(b). The loudspeaker being mainly capacitive, the power drawn by the loudspeaker

is mainly reactive. The power is inversely proportional to the impedance, and is approximately 30 mW

at 300 Hz and increases linearly with frequency, up to approximately 1.8 W at 20 kHz. Despite the rough

frequency response of the loudspeaker higher in frequency in the pressure response, the impedance remains

�at.
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4.4.2 Ampli�er

After being assembled, the ampli�er and the signal processing circuits are measured. A picture of the

ampli�er is depicted in Figure 4.33.

Figure 4.33: Picture of the ampli�er

The ampli�er is �rst measured using a probe with the setup presented in Section 4.5.2, and the frequency

response is compared to the response simulated with LTSpice in Section 2.4.1 in Figure 4.34(a), and the

input and output signals of the ampli�er at a frequency of 1 kHz are depicted in Figure 4.34(b).

(a) (b)

Figure 4.34: Frequency response measured and simulated (a) and input and output time domain signals

(b) of the ampli�er

The measured frequency response is slightly di�erent from the simulated one in the lower frequencies.

The ampli�er displays a low shelf �ltering e�ect in the low frequency range, with a cut-o� frequency at

approximately 1 kHz. In Figure 4.34(b), the time domain signal shows a gain slightly lower than 15, with

the output signal oscillating around 14 V. As the value of the potentiometer cannot be measured easily

without removing them from the printed circuit board, it is di�cult to depict the gain and the o�set as a

function of their respective values. The total harmonic distortion of the ampli�er can then be measured

using the same measurement setup and for di�erent input levels.
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(a) (b)

Figure 4.35: Total harmonic distortion as a function of frequency (a) and transfer function of the active

peak �lter for di�erent settings of R12, R15 and R17 (b)

In Figure 4.35(a), the total harmonic distortion at the output of the ampli�er is depicted for an input

voltage of 100 mV with a gain of 15 from 100 Hz to 20 kHz with no load, with the loudspeaker connected

and with an input voltage of 1 V without load. The THD is very low in the entire frequency range, and

does not seem to be a�ected by the load. For an input voltage of 1 V, corresponding roughly to an output

voltage of 30 V, the THD is below 0.02 %. The low distortion is due to the feedback and the operational

ampli�er, that avoids any di�erence between the input and the output voltages. The peak �lter is then

measured for di�erent quality factors, di�erent gains and di�erent frequencies as it is depicted in Figure

4.35(b). As it is di�cult to measure the value of the potentiometer while in use, the peak �lter is set for

one frequency with two di�erent gains, and is then set to approximately the resonance frequency of the

loudspeaker with a negative gain. The active peak �lter allows an attenuation of a sharp frequency band

down to −18.5 dB.

4.5 Acoustical Characterization

4.5.1 Pressure Response on Wafer

The �rst acoustical characterization is performed on wafer, before dicing. The wafer is placed on a Cascade

PM8 prober, and the loudspeaker are actuated using the designed ampli�er. The vacuum system is turned

o�, as it would damage the moving structure of the loudspeaker. Due to the construction of the wafer,

and the in�uence of the back cavity on the response of the loudspeakers, only a part of the loudspeakers

can be measured on this setup. The measurement setup, using the DC coupled ampli�er, an acquisition

card, a G.R.A.S. 46BE microphone as well as a G.R.A.S. 12AL microphone preampli�er is depicted in

Figure 4.36.
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Figure 4.36: Measurement setup of the wafer on the prober

Measurements are performed on twelve loudspeakers of the 6×6 variant (see Table 3.2), at the periphery

of the wafer, whose positions on the wafer are depicted in Figure 4.37(b). The average frequency response

of the loudspeaker, as well as the standard deviation is depicted in Figure 4.37(a). Loudspeakers show

a very similar behavior in the low frequency range, around the resonance frequency with a standard

deviation of only 1.5 dB. Higher in frequency, the standard deviation is as high as 12 dB. At these

frequencies, a small di�erence in the structure of the loudspeaker could trigger di�erent modes and leads

to a highly di�erent frequency responses. Also, due to the setup, loudspeakers are not exactly measured

at the same location, and the di�erences could be attributed to re�ections on the setup. There is a good

agreement between the simulated and measured frequency responses, in terms of resonant frequency and

level. The uncertainty of the simulated curve appears in transparent blue. Propagation of errors are

derived in Appendix C.

(a) (b)

Figure 4.37: Frequency response of the loudspeaker calculated with the lumped element model and com-

pared to the one measured on twelve loudspeakers (a) and position of the twelve loudspeakers

on the wafer (b)
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4.5.2 Pressure Response in Anechoic Chamber

In order to avoid interference on the measurement, the loudspeaker is bonded onto the PCB designed

in Section 2.4.3, and this PCB is attached to a larger ba�e designed to avoid an acoustic short-circuit

between the front and the back acoustic waves. This ba�e is then used inside an AL003 anechoic chamber

from G.R.A.S (Fig. 4.38). The e�ect of the PCB and of the ba�e on the behavior of the loudspeaker,

due to the added mass as well as the di�raction e�ect due to the �nite ba�e is neglected in the model

for the comparison.

Figure 4.38: Schematic of the measurement setup

A cross section of a 3D drawing of the ba�e on which the PCB and the loudspeaker are attached is

depicted in Figure 4.39(a). A picture of the loudspeaker mounted and bonded on the PCB taken with a

binocular magni�er is depicted in Figure 4.39(b).

(a) (b)

Figure 4.39: Cross section of a 3D drawing of the loudspeaker mounted on the PCB and on the ba�e (a)

and binocular magni�er picture of a 6× 6 loudspeker mounted on the PCB (b)

The loudspeaker on the ba�e is placed with the moving plate facing the bottom, using the drawer of

the anechoic chamber. To avoid leaks between the ba�e and the PCB, although the pressure involved is

not extremely high, a soft gasket is used and is depicted in dark gray in Figure 4.39(a) and appears in

dark red in Figure 4.40(a). The microphone is placed in front of the moving plate of the loudspeaker, at

10 mm of the moving plate.
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(a) (b)

Figure 4.40: Picture of the measurement setup inside the anechoic chamber (a) and measured pressure

response smoothed at 1/12 octave compared to the frequency response calculated with the

lumped element model (b)

The comparison between the measured pressure, smoothed at 1/12 octave, and the calculated one is

depicted in Figure 4.40(b). The quality factor Qms of the model is adjusted manually to �t the pressure

response. The simulation gives a very good estimation of the level and of the resonance frequency of

the loudspeaker around the resonance. The measured frequency response is within the uncertainty in a

wide frequency range, from 300 Hz to 6 kHz. Above 6 kHz, the modal behavior of the loudspeaker, not

taken into account by the lumped element model makes the two curves diverge. The measured pressure

response can also be compared to the one calculated using the �nite element model, as depicted in Figure

4.41.

Figure 4.41: Schematic of the measurement setup

Although the resonance frequency and the level are slightly di�erent, the shape of the frequency response

is better estimated with the �nite element model, due to the mode at approximately 10 kHz, giving a

concave shape to the simulated response, similar as the one observed on the measured curve. The mode

are not estimated correctly, as the peak simulated with the �nite element model corresponds to a dip

in the measured frequency response at approximately 10 kHz. Above 15 kHz, the behavior is di�erent as
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well.

4.5.3 Directivity

Using a similar setup as the one shown in Figure 4.38, with the loudspeaker mounted on a rotating

support, the frequency response of the loudspeaker is measured at di�erent angles from the normal to

the moving plate, with a step of 2°.

(a) (b)

Figure 4.42: Schematic of the measurement setup (a) and measured directivity (b)

The measured directivity is given in Figure 4.42(b) and as expected from the model presented in Section

2.2.8, the loudspeaker is not directive in the audio range, and a similar frequency response can be observed

at all the angles, except at approximately 11 kHz, where a di�erent level appears for angles between 35°

and 50°, due to the modal behavior of the plate.

4.6 Non Linearities

4.6.1 Frequency Response

The nonlinearities can be observed with an increase of the input level on the frequency response of one

6× 6 loudspeaker.
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(a) (b)

Figure 4.43: Twenty frequency responses of the loudspeaker with an input voltage before the ampli�er

from 50 mV to 1000 mV referenced to the pressure at 2 kHz (a) and increase of the level of

the response for di�erent frequencies (b)

For small signals, the assumption can be made that the loudspeaker is linear. When the level increases,

both most signi�cant nonlinearities such as the one of the transduction and the one due to the sti�ening

e�ect of the elastic part of the actuators are a�ecting the frequency response. The e�ect on the frequency

response can be observed in Figure 4.43(a). Both e�ects are limiting the increase of pressure radiated

with a higher input voltage. A shift of the resonance frequency can also be observed in the detail of

Figure 4.43(a). Due to the increase of the apparent sti�ness Cms with the sti�ening e�ect, the resonance

frequency shifts from 1040 Hz to 1080 Hz. The derivative of the pressure radiated by the loudspeaker can

be calculated at 300 Hz, at the resonance frequency fs and at 3 kHz. Figure 4.43(b) depicts the evolution

of the increase of the pressure ∂p/∂uin depending on the input voltage and shows that the increase of

pressure at the resonance decreases with the input level. Above the resonance the increase of pressure is

mainly constant with an increase of the input voltage. Below the resonance frequency, the trend of the

evolution of the increase is approximately �at.

4.6.2 Transduction Factor

Although it is di�cult to measure γ the transduction factor directly, it is possible from the time domain

pressure signal to visualize the ratio between the measured pressure and the input voltage. The pressure

signal is �rst high pass �tered in order to remove the unwanted oscillation of the main component of

the signal. Both voltage and pressure signal are then phase shifted in order to be in phase. Then the

pressure is displayed as a function of the input voltage, for a few hundred periods. The result is depicted

in Figure 4.44(a) for di�erent frequencies, and in Figure 4.44(b) for di�erent input levels.
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(a) (b)

Figure 4.44: Acoustic pressure as a function of the input voltage for di�erent frequencies (a) and for

di�erent input voltages (b)

In Figure 4.44(a), the input voltage is equal to 500 mV, which results into a sine oscillating between

7.5 V and 22.5 V after the ampli�er. The transduction appears to be mainly linear expect for some

points outside of the main shape, due to the transient part of the signal and of the �lter. Although the

shape is mainly linear, an hysteresis appears and the shape seems to be curved at a higher voltage. This

complex behavior can be attributed to the contribution of both the nonlinear transduction factor, and

the nonlinear sti�ness of the loudspeaker. The shape seems to change with frequency, but the main three

loops appear for all three frequencies. In Figure 4.44(b), the hysteresis is not clear for an input voltage of

100 mV and 200 mV but clearly appears for an input voltage of 500 mV. It means that the transduction

factor is involved into a signi�cant amount of nonlinearities above 200 mV.

4.6.3 Total Harmonic Distortion

The total harmonic distortion of the loudspeaker is measured using the same setup and the same loud-

speaker depicted in Figure 4.38 and with pure tones at di�erent frequencies. The total harmonic distortion

is measured for an input voltage of 100 mV which corresponds to a sine oscillating between 13.5 V and

16.5 V at the output of the ampli�er. The quality factor of the model is �rst adjusted to precisely match

the quality factor of the measurement, as depicted in Figure 4.45(a). This leads to a quality factor of

Qms = 18.5 with a mechanical resistance of Rms = 1.5 mN s m−1. There is a good �t in level and shape

between the measured frequency response and the calculated one from 300 Hz to 7.5 kHz. From this

comparison of frequency responses, the calculation of the THD can be assumed to be valid an octave

below the upper limit. Above this limit, the modal behavior of the loudspeaker is a�ecting signi�cantly

the measured THD.
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(a) (b)

Figure 4.45: Simulated and measured frequency response of the loudspeaker at uin = 100 mV (a) and

simulated and measured THD (b)

Using the model described in Section 3.4.1, the measured THD can be compared with the calculated one,

using theoretical nonlinear functions for the input nonlinear functions. The comparison is depicted in

Figure 4.44(b). Despite an agreement in the shape of the calculated and measured THD, the level is not

well estimated, and the curve sits approximately 15 times below the measured one. The level is adjusted

in the �gure in order to compare the shape of the curves. The shape is well estimated, and both peaks due

to the �rst and second harmonics, reaching a THD of 59 % and 60 % two times and three times below the

resonance frequency at 340 Hz and 525 Hz do appear in the simulated curve. At the resonance, the THD

increases up to 7 % due to the large displacement of the loudspeaker. Above the resonance frequency,

the THD is as low as 1 % in a wide frequency range, from 1450 Hz to 3800 Hz. Higher in frequencies, the

modal behavior of the loudspeaker a�ects the THD of the loudspeaker, which is not simulated into the

model. The di�erence of level could be due to the hysteresis of the piezoelectric actuators which is not

taken into account in the model.

4.7 Chapter Conclusion

In this chapter, the manufacturing process was detailed step by step and the mechanical, electrical and

acoustical characterizations of the 6 × 6 variant of the loudspeaker were successively presented. The

lumped element model, as well as the �nite element model are correctly predicting the behavior of the

loudspeaker, within ±5 % around the resonance frequency. Typical sti�ening and hysteresis e�ects were

observed as well. For demonstration purposes, a horn was designed and 3D printed and the conception

is described in Appendix B.
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Conclusion

In this thesis, the models, the design, the manufacturing process and the characterization of a new high

performance MEMS loudspeaker based on an innovative manufacturing process are presented. Built into

two separated wafers, the loudspeaker radiates up to 110 dBSPL at 1 kHz which is the highest reported

pressure at this frequency for a loudspeaker of these dimensions. More than featuring a high pressure,

the frequency response of this loudspeaker is closer to the ideal one, as it radiates a similar pressure in a

wider frequency range than what was reported recently. Considering the uncertainties on the di�erent

mechanical components of the loudspeaker, the lumped element model shows a good agreement with the

acoustical measurement of the loudspeakers in anechoic conditions.

For the nonlinear aspect, the model predicted correctly the shape of the THD harmonic distortion, but

is unable to predict correctly the level. This is �rstly due to the lack of measurement on the direct

nonlinearities and this could also be due to the hysteresis behavior of the piezoelectric material, not

taken into account into the nonlinear model.

The good performance of the loudspeaker could be attributed to the separation of the electromechan-

ical transducer and the mechanoacoustical transducer, similarly to what is usually done with larger

loudspeakers. Despite the limitation of piezoelectric bending actuators, whose output force is inversely

proportional to their sti�ness, linking inevitably the resonance frequency and the amplitude of the

system, the additional design lever created by the separation of the transducer allows to reach a di�erent

optimization.

This proof of concept also shows that the designed loudspeaker is mechanically able to withstand

displacements as large as ±190 µm, which validates the possibility to radiate a even higher acoustic

pressure in the bandwidth of the loudspeaker, by increasing the electric �eld in the piezoelectric layer,

while correcting the resonant behavior of the loudspeaker with the use of digital signal processing or

other active control techniques. For the integration, a dedicated acoustic packaging using a Helmholtz

resonator could increase the sound pressure level in a speci�c frequency band. Active or digital �ltering

and more advanced electronic systems could improve the performance and protect the loudspeaker as

well. These loudspeakers are also easily scalable, and could be used for in-ear application, using the

packaging to precisely tune their frequency response.

Aside from the loudspeaker, a dedicated low THD direct coupled ampli�er with variable o�set as well as

a parametric peak �lter were designed, built and tested successfully.
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In its current form and despite the good acoustic performance, the loudspeaker would not be able to

advantageously replace non-MEMS loudspeakers, due to the high manufacturing cost, as a result of a

high number of manufacturing steps and due to the geometry of the loudspeaker, composed of two non

standard SOI wafers. Even on a dedicated line, the cost of manufacturing of such loudspeakers would

still be higher than non-MEMS ones. In terms of reliability and although the loudspeakers are able to

withstand extremely high displacements for a short period of time, they might be damaged after longer

period of high input voltages.

The next step into trying to adapt loudspeaker to micro-manufacturing processes would be to reach

similar performance while simplifying the manufacturing process, but as it was described in the modeling

chapters, the good performance of the loudspeaker is reached due to the complexity of the geometry. Also,

due to European regulations the PZT might be restricted due to the presence of lead, and research should

be carried on in order to �nd a piezoelectric material with similar performance and manufacturability

without lead.
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A State Space Modeling

Equations of the state space model of the coupler

∂uc(t)

∂t
=
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RgCp(uc)
uin(t)− 1

RgCp(uc)
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γ(uc)
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B Horn

A horn is designed to increase the output level of the loudspeaker for demonstration purposes. The horn

is designed analytically by using a two-port model of the loudspeaker, and of the successive sections of

tubes. A horn can increase the output level of a loudspeaker by adapting the high acoustical impedance

of a loudspeaker to the low acoustical impedance of air. A horn has a cut-o� frequency, determined by

its size, below which its principle is not working. For the pro�le of the horn, the famous exponential horn

is used. The section of the horn as a function of the length x is given by

S(x) = S0e
mx (14)

with S(x) the section at the position x, S0 the section at the thorat of the horn. The mouth area of the

horn can be calculated using

SL = S0e
mL (15)

with L the total length of the horn. The lower cut-o� frequency can be calculated using:

fc =
mc0
4π

(16)

with c0 the sound velocity in air at ambient temperature. The throat area is �xed by the radiating

surface of the loudspeaker. The horn being circular, the throat area is the circumscribed circle around

the squared membrane of the loudspeaker. Following the observations during the measurements, the best

design is considered to be the 6 × 6 design, and so the throat diameter is equal to 56.55 mm2. Using a

cut-o� frequency of fc = 850 Hz, the total length and the growing factor m of the horn are determined.

The horn is then discretized into small cylindrical sections, as it is depicted in Figure B.1 whose are then

simulated using Equation 17.

(a) (b)

Figure B.1: Horn shape and discretized tubes (a) and simple acoustical quadripole element

Then, the dissipative plane wave assumption is used to simulate each section of the horn, using the

transfer matrix of a tube written as[
pin

Qin

]
=

[
cos(kcL) jZc sin(kcL)
j
Zc

sin(kcL) cos(kcL)

][
pout

Qout

]
. (17)
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As it is presented in Figure B.1, the total length of the horn is approximately 223 mm and the mouth have

a diameter of approximately 286 mm. Using the complete equivalent circuit of the loudspeaker depicted

in Figure B.2, the pressure response of the loudspeaker can be calculated, by multiplying all the matrices

of the sections of the horn, and by evaluating the transfer impedance of the horn for all audio frequencies.

iin(t) Rg

Cp

1:γ v(t)it(t)

ic(t)

uc(t)uin(t) Fin(t)

FCms(t)

Rms Mms
Cms

Sd:1

Horn Zr

Figure B.2: Linear lumped equivalent network of the loudspeaker radiating into a horn

The complete equation writes

[
uin

iin

]
=

[
1 0

jωCp 1

][
1
γ 0

0 γ

][
1 Rms

0 1

][
1 jωMms

0 1

][
1 1

jωCms

0 1

][
Sd 0

0 1
Sd

]
N∏
n=1

[
cos(kcnLd) jZcn sin(kcnLd)
j
Zcn

sin(kcnLd) cos(kcnLd)

][
pout

Qout

] (18)

Using the discretized matrices of the horn, the equation linking the input voltage uin and the input

current iin with the output pressure pout and the output volume velocity Qout is written

Qout =
Ah<(Zout) +Bh
Ch<(Zout) +Dh

. (19)

For the acoustics volume velocity Qout at the mouth of the horn, the pressure at 10 cm can be calculated

using the reduced Rayleigh integral. From the horn only, the real and imaginary part of the horn can be

calculated and are depicted in Figure B.3(a).

(a) (b)

Figure B.3: Imaginary and real part of the acoustical impedance of the horn (a) and pressure radiated

by the loudspeaker with and without horn (b)

The horn is them drawn into Solidworks® using the calculated pro�le. At the throat, the circular section

of the horn is adapted to a square to adapt to the moving plate of the loudspeaker. A 3D picture of the
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horn is depicted in Figure B.4(a) and a cross section view of the loudspeaker, mounted on the PCB and

mounted on the horn is depicted in Figure B.4(b). For printing, the end of the horn is �attened.

(a) (b)

Figure B.4: 3D CAD view of the horn in Solidworks® (a) and cross section 3D view of the horn mounted

on the PCB on which the loudspeaker is bonded (b)

From the CAD model, the horn is imported to COMSOL to simulate the acoustic response. A PML is

used around a hemispherical domain, and only a quarter of the horn is simulated due to the symmetry.

To simulate the loudspeaker, a rigid shell of the same surface as the moving plate of the loudspeaker is

used at the throat of the horn. This shell is attached to the horn with a spring, simulating the equivalent

compliance Cms of the loudspeaker. The density, the thickness and the sti�ness of the shell is set in order

to have a mass equal to Mms and no eigenmodes in the audio range.

Figure B.5: Acoustic simulation of the horn using COMSOL®

In Figure B.5, the horn as well as the rigid ba�e are represented respectively in dark gray and in a

lighter gray. The acoustic pressure is represented as isosurfaces, and displays a pressure as high as 64 Pa

at the throat of the horn, which is equivalent to 130 dBSPL. The mesh quality whose skewness is depicted

from poor quality (red), to good quality (green) for a quarter of the perfectly matched layer domain.

The complete frequency response of the horn is calculated, as well as the acoustical impedance and is

compared to the one calculated using the two-port formulation. The comparison is depicted in Figures
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B.6(a) and B.6(b). Major di�erences in the shape of the response can be attributed to the acoustical

radial modes of the horn, that are not simulated in the two-port model. The cut-o� frequency as well as

the level is well estimated.

(a) (b)

Figure B.6: Real and imaginary part of the acoustical impedance of the horn calculated using the two

port model and COMSOL® (a) and pressure response of the horn at 10 cm calculated with

the two port model and with COMSOL® (b)
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C Cumulative Error Calculation

Calculation of the cumulative error for estimation of the incertainties on the measurements and simualtion.

C.1 Moving Mass

The moving mass is determined using

Mms = ρs

(
2LcbWWcb + tpLpWp − trpnrlnrwlrrwrr − 2Wtrp(Lcs + wit) +W

L

2
tm

)
(20)

with ρs the density of silicon, Lcb the length of the coupling blocks, W the width of the plate, Wcb the

width of the coupling blocks, tp the thickness of the plate, trp the thickness of the reinforcement plates,

nrl the number of opening in the plate along L, nrw the number of opening in the plate along W , lrr
the length of the opening, wrr the width of the opening, Lcs the length of the coupling springs, wit the

width of the interstice around the plate and tm the thickness of the actuators.

Knowing the manufacturing tolerances on W , L, Wcb, tp, lrr, wrr, trp, Lcs, wit and tm, the error on the

mass Mms can be computed using

∆Mms =

∣∣∣∣∂Mms

∂W

∣∣∣∣∆W +

∣∣∣∣∂Mms
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∂Wcb

∣∣∣∣∆Wcb +

∣∣∣∣∂Mms

∂tp

∣∣∣∣∆tp
+

∣∣∣∣∂Mms

∂L

∣∣∣∣∆L+

∣∣∣∣∂Mms

∂trp

∣∣∣∣∆trp +

∣∣∣∣∂Mms

∂lrr

∣∣∣∣∆lrr +

∣∣∣∣∂Mms

∂wrr

∣∣∣∣∆wrr
+

∣∣∣∣∂Mms

∂lcs

∣∣∣∣∆lcs +

∣∣∣∣∂Mms

∂wit

∣∣∣∣∆wit +

∣∣∣∣∂Mms

∂tm

∣∣∣∣∆tm,
(21)

which leads to

∆Mms = |2WWcbρs|∆Lcb +

∣∣∣∣ρs(2LcbWcb + tpL+
L

2
− 2trp(Lcs + wit)

)∣∣∣∣∆W
+ |2LcbWρs|∆Wcb + |WLρs|∆tp +

∣∣∣∣12Wρs(2tp + tm)

∣∣∣∣∆L
+ |−ρs(2W (Lcs + wit)− nrlnrwlrrwrr)|∆trp + |−trpnrlnrwwrrρs|∆lrr

+ |−trpnrlnrwlrrρs|∆wrr + |−2Wtrpρs|wit +

∣∣∣∣12WLρs

∣∣∣∣∆tm.
(22)

Using the uncertainties formula and the desired values of the moving mass, the manufactured value gives

Mms = 4.18± 0.193 mg. (23)

C.2 Compliance

The compliance is derived from the bernoulli beam's model and can be written

Cms =
L3(1 + 14τ + τ2)

16Wt3mEmτ(1 + τ)
(24)

The bending torque of the piezoelectric layer being very small compared to the bending torque of the

silicon, the uncertainty on τ is assumed to be null. The uncertainty on the computed value of the

compliance then writes
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∆Cms =

∣∣∣∣∂Cms∂L

∣∣∣∣∆L+

∣∣∣∣∂Cms∂Em

∣∣∣∣∆Em +

∣∣∣∣∂Cms∂tm

∣∣∣∣∆tm +

∣∣∣∣∂Cms∂W

∣∣∣∣∆W , (25)

which leads to

∆Cms =

∣∣∣∣ 3L2(1 + 14τ + τ2)

16Emt3mWτ(1 + τ)

∣∣∣∣∆L+

∣∣∣∣− L3(1 + 14τ + τ2)

16E2
mWt3mτ(1 + τ)

∣∣∣∣∆Em+∣∣∣∣ 3L3(1 + 14τ + τ2)

16EmWt4mτ(1 + τ)

∣∣∣∣∆tm +

∣∣∣∣ L3(1 + 14τ + τ2)

16EmW 2t3mτ(1 + τ)

∣∣∣∣∆W .

(26)

Using the uncertainties from the di�erent values leads to

Cms = 5.7± 1.1 mm/N (27)

C.3 Blocked Force

The transduction factor is the blocked force divided by the actuation voltage, and is derived from the

beam model. The transduction factor γ writes

γ =
24e31,fW (tm + tp)

L(1 + τ + τ2)
(28)

As for the compliance, the ratio τ is assumed to have no uncertinaty to simplify substancially the

calculation, and the sum of the partial derivatives writes:

∆γ =

∣∣∣∣ ∂γ

∂e31,f

∣∣∣∣∆e31,f +

∣∣∣∣ ∂γ∂W
∣∣∣∣∆W +

∣∣∣∣ ∂γ∂tm
∣∣∣∣∆tm +

∣∣∣∣ ∂γ∂tp
∣∣∣∣∆tp +

∣∣∣∣ ∂γ∂L
∣∣∣∣∆L (29)

which leads to.

∆γ =

∣∣∣∣ 24W (tm + tp)

L(1 + 14τ + τ2)

∣∣∣∣∆e31,f +

∣∣∣∣24e31,f (tm + tp)

L(1 + 14τ + τ2)

∣∣∣∣∆W +

∣∣∣∣ 24We31,f
L(1 + 14τ + τ2)

∣∣∣∣∆tm
+

∣∣∣∣ 24We31,f
L(1 + 14τ + τ2)

∣∣∣∣∆tp +

∣∣∣∣24We31,f (tm + tp)

L2(1 + 14τ + τ2)

∣∣∣∣∆L (30)

Using the uncertainties from the di�erent values leads to

γ = 2.6± 0.081 mN/V . (31)

C.4 Radiating Surface

Sd = LpWp (32)

The uncertainty simply writes:

∆Sd = Lp∆Wp +Wp∆Lp (33)

which lead to

Sd = 36± 0.012mm2 (34)
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C.5 Total

Using all the previously determined uncertainties, the total uncertainty on the radiated sound pressure

level can be evaluated. The radiated sound pressure, as a function of the transdutcion factor and the

impedance of the loudspeaker can be written as

p(r) = jωρSd
γuin

Rms + jωMms + 1
jωCms

+ (Zfront + Zback)S2
d

ejkr

2πr
. (35)

The contribution of the radiation impedance being small for a loudspeaker this size, it can be neglected to

simplify the calculation. The equation of the pressure is rewritten for the evaluation of the uncertainties

at each frequencies as

p(r) = j2πfeρSd
γuin

Rms + j2πfeMms + 1
j2πfeCms

ejkr

2πr
. (36)

The uncertainty on the radiated pressure then writes

∆p(r) =

∣∣∣∣∂p(r)

∂ρ

∣∣∣∣∆ρ+

∣∣∣∣∂p(r)

∂Sd

∣∣∣∣∆Sd +

∣∣∣∣∂p(r)

∂γ

∣∣∣∣∆γ +

∣∣∣∣∂p(r)

∂uin

∣∣∣∣∆uin
+

∣∣∣∣ ∂p(r)

∂Mms

∣∣∣∣∆Mms +

∣∣∣∣∂p(r)

∂Cms

∣∣∣∣∆Cms +

∣∣∣∣∂p(r)

∂r

∣∣∣∣∆r, (37)

which leads to

∆p(r) =

∣∣∣∣∣j2πfeρ γuin

Rms + j2πfeMms + 1
j2πfeCms

e
j2πfe
c0

2πr

∣∣∣∣∣∆Sd
+

∣∣∣∣∣j2πfeSd γuin

Rms + j2πfeMms + 1
j2πfeCms

e
j2πfe
c0

2πr

∣∣∣∣∣∆ρ
+

∣∣∣∣∣j2πfeρSd uin

Rms + j2πfeMms + 1
j2πfeCms

e
j2πfe
c0

2πr

∣∣∣∣∣∆γ
+

∣∣∣∣∣j2πfeρSd γ

Rms + j2πfeMms + 1
j2πfeCms

e
j2πfe
c0

2πr

∣∣∣∣∣∆uin
+

∣∣∣∣∣− 8γπ3C2
msf

4
e ρSduine

j2πfe
c0

r(1 + 2πCmsfe(−2πfeMms + jRms))2

∣∣∣∣∣∆Mms

+

∣∣∣∣∣− 2γπf2e ρSduine
j2πfe
c0

r(1 + 2πCmsfe(−2πfeMms + jRms))2

∣∣∣∣∣∆Cms
+

∣∣∣∣∣2jγπCmsf2e ρSduine
−2jπfer

c0 (2πfer − jc0)

c0r2(−1 + 2πCmsfeMms − jRms)

∣∣∣∣∣∆r.

(38)

The sound pressure is �nally calculated with

p(r)SPL = 20 log10

(
p(r)

pref

)
, (39)

which lead to

∆p(r)SPL =

∣∣∣∣ 20

p(r) log(10)

∣∣∣∣∆p(r). (40)
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D CAD Plans

D.1 Wafer 1
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D.2 Wafer 2
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D.3 Assembly

155



Development of a MEMS loudspeaker with optimized performance Romain LIECHTI

E Power Supply Filters

This section describes brie�y the �lters used on the power supplies of the ampli�er and the �lters. In order

to �lter the power supply an avoid unwanted electromagnetic interferences to interact with the circuit,

ferrite beads are used. Ferrite beads are essentially an inductive conductor element in a ferrite material.

Due to magnetic interactions between the current carried by the conductor, the inductive element and

the ferrite, the impedance of the ferrite widely depends on the frequency and is very high in a limited

frequency range. The equivalent electrical circuit of a ferrite bead is shown in Figure E.1:

Rs

Rp

C

L
uin(t) uout(t)

iin

Figure E.1: Equivalent Electrical Circuit of a Ferrite Bead

And the equivalent impedance writes

Zbeam =
uin
iin

= Rs+
1

jωC + 1
jωL + 1

Rp

. (41)

Ferrite beads are widely used for �ltering power supplies and are added independently on each power

supply pin of the operational ampli�ers and other circuit, with a parallel capacitor, as close as possible

to the component pin. This parallel capacitor acts as a low pass �lter with the ferrite bead and provide

the needed short time current for the component. The impedance curve of the ferrite bead is shown in

Figure E.2(a). The transfer function from the power supply to the signal line with a paralelle capacitor

can be written as

Tf =

1
jωCf

Zbeam + 1
jωCf

(42)

The transfer function of the power supply �lters is calaculated and depicted in Figure E.2(b).
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(a) (b)

Figure E.2: Electrical impedance of a ferrite beam with a series decoupling capacitor (a) and transfer

function of the power supply �lter (b)
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H Cover

Frequency responses from Figure 4.43 are used for the cover. The frequency responses are truncated from

300 Hz to 8 kHz. They are displayed on a linear axis for the frequency and a black patch is placed under

the curve as depicted in Figure H.1(a). The curve and the patch are then mirrored and repeated with

a shift along the y axis, as depicted in Figure H.1(b). The frequency response and the patch are then

shifted along the x axis at the same time by a step calculated with a sine function, as depicted in Figure

H.2(a). For the cover, a noisy sine function composed of a sum of two sines is used. This function is

depicted on arbitrary axis in Figure H.2(b). This cover is inspired by Paul Tinnemans' cover in his thesis

[126] as well as by the famous album Unknwon Pleasures by Joy Division.

(a) (b)

Figure H.1: Frequency response using a patch (a) and mirrored repeated and shifted frequency response

(b)

Di�erent settings are then added in order to disable the axis and make the background black, as it is

described in the Matlab code. The picture is then printed as an EMF �le using the painter �gure renderer

in order to have a vector �le.

(a) (b)

Figure H.2: Frequency responses with patch iteratively shifted by a sine (a) and noisy shifting sum of

sine used in the cover (b)

164



Development of a MEMS loudspeaker with optimized performance Romain LIECHTI

Matlab Code

1 %%

2 c l c ; c l o s e a l l ; c l e a r v a r s

3

4 % Load data

5 load ( ' FR_level_4 .mat ' ) ;

6 num = load ( ' f r e q .mat ' ) ;

7 f f r d = num. f f r d ;

8 P = ID1 ;

9 idy = 3 ;

10

11 % Truncate matrix from 300 to 8e3 Hz

12 [ minValue_min , c losestIndex_min ] = min ( abs ( f f r d =3e2 ) ) ;

13 [ minValue_max , closestIndex_max ] = min ( abs ( f f r d =8e3 ) ) ;

14 f f r d_t r = f f r d ( c losestIndex_min : closestIndex_max ) ;

15 P1 = P( : , c losestIndex_min : closestIndex_max ) ;

16

17 % Mirror the curve

18 P2 = ze ro s ( l ength (P1 ( : , 1 ) ) ,2* l ength (P1 ( 1 , : ) ) ) ;

19 P2 ( : , 1 : end /2) = P1 ;

20 P2 ( : , end/2+1: end ) = f l i p l r (P1) ;

21

22 % New x ax i s to matrix dimensions

23 f f rd_trd = l i n s p a c e (20 ,2 e4 , l ength (P2 ( 1 , : ) ) ) ;

24

25 % Sh i f t f unc t i on

26 yaxe = l i n s p a c e (1 , l ength (P2 ( : , 1 ) ) , l ength (P2 ( : , 1 ) ) ) ;

27 f s i n = ( 1 . / ( yaxe ( end ) ) ) ;

28 % s in e_sh i f t = s i n ( 2 .* pi .* f s i n .* yaxe ) ;

29 s i n e_sh i f t = yaxe . * 0 ;

30

31 P3 = ze ro s ( l ength (P2 ( : , 1 ) ) , l ength (P2 ( 1 , : ) ) ) ;

32

33 f o r kk = 1 : l ength ( yaxe )

34 P3(kk , : ) = c i r c s h i f t (P2(kk , : ) , round (3 e2 .* s i n e_sh i f t ( kk ) ) ) ;

35 end

36

37 %% Plot s imple

38 h1 = f i g u r e (1 ) ;

39 hold on

40 f o r kk = 1 : l ength (P3 ( : , 1 ) )

41 p lo t ( f f rd_trd ,=(kk=1)* idy+100+20.* l og10 ( abs (P3(kk , : ) ) ) , ' l i n ew id th ' ,2 , ' c o l o r ' , [ 1 0 0 ] )

42 f i l l ( [ f f rd_trd ' ; f l i p ud ( f f rd_trd ' ) ] ,=(kk=1)* idy +[(=100.* ones (1 , l ength ( f f rd_trd ) ) ) ' ;

f l i p ud ((100+20.* l og10 ( abs (P3(kk , : ) ) ) ) ' ) ] , [ 0 0 0 ] , ' l i n e s t y l e ' , ' none ' )

43 end

44 g r id o f f

45 hold on

46 xlim ([=100 2 .01 e4 ] )

47 ylim ([=50 40 ] )

48 x l ab e l ( ' Arb i t rary un i t $\mathrm{(=)}$ ' ) ;

49 y l ab e l ( ' Arb i t rary un i t $\mathrm{(=)}$ ' ) ;

50 box on ; g r id o f f ;

51 Ax = gca ;

52 Ax. Color = 'k ' ;

53 Ax. XColor = ' none ' ;

54 Ax. YColor = ' none ' ;
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Titre : Développement d'un micro haut-parleur aux performances optimisées

Mot clés : Haut-parleur, MEMS, Audio, Piézoélectrique

Résumé : Dans le but de rendre les haut-parleurs

compatibles avec les processus d'intégration à

très grande échelle (VLSI), des recherches ont

été menées sur le développement de haut-parleur

MEMS, depuis le premier MEMS, et suscitent ré-

cemment un gain d'intérêt en raison de l'amin-

cissement des systèmes multimédias portables.

Malgré des performances intéressantes pour les

haut-parleurs intra-auriculaires, pour lesquels des

fréquences de résonance élevées et de petits dé-

placements peuvent générer un niveau de pres-

sion acoustique important, aucune solution n'a

été trouvée pour remplacer avantageusement les

haut-parleurs non MEMS pour les applications

en champ libre. Pour élargir la gamme de fré-

quences du haut-parleur MEMS, une géométrie

innovante basée sur un assemblage de deux wa-

fers est proposée, a�n de séparer le transduc-

teur électro-mécanique du transducteur mécano-

acoustique, dans le but d'atteindre une meilleure

cible d'optimisation. Dans cette thèse, le principe

de fonctionnement du haut-parleur, ainsi que les

modèles utilisés pour la conception et l'optimi-

sation sont présentés et décrits. Le procédé inno-

vant de fabrication avec lequel le haut-parleur est

fabriqué dans les salles blanches du CEA Leti est

ensuite décrit, et la réponse en fréquences me-

surée est comparée à celles simulées. Le haut-

parleur est capable de rayonner une pression de

110 dBSPL à 1 kHz, la fréquence de résonance du

haut-parleur, ce qui est au-dessus de l'état de

l'art pour un haut-parleur MEMS de ces dimen-

sions.

Title: Development of a MEMS Loudspeaker with optimized performance

Keywords: Loudspeaker, MEMS, Audio, Piezoelectric

Abstract: In pursuance of making loudspeak-

ers compatible with very large scale integration

(VLSI) processes, research has been carried out

on the development of MEMS loudspeaker, from

nearly as early as the �rst MEMS device and

recently arouses a gain of interest due to the

thinning of portable multimedia devices. Despite

interesting performances for in-ear loudspeaker,

where high resonance frequencies and small dis-

placements can generate signi�cant sound pres-

sure level, no solution was found to advanta-

geously replace non-MEMS loudspeakers for free

�eld applications. To widen the frequency range

of MEMS loudspeakers, an innovative geometry

based on an assembly of two wafers is proposed,

in order to separate the electro-mechanical trans-

ducer from the mechano-acoustics one, with the

aim of reaching a better optimization target. In

this thesis, the working principle of the loud-

speaker, as well as the models used for the de-

sign and the optimization are presented and de-

tailed. The innovative custom manufacturing

process with which the loudspeaker is manufac-

tured in the CEA Leti clean rooms is then de-

tailed, and the measured frequency response is

compared with the simulated ones. The loud-

speaker is able to radiate pressures as high as

110 dBSPL at 1 kHz, the resonance frequency of

the loudspeaker, which is above the state of the

art for MEMS loudspeakers of such dimensions.

By using digital signal processing, as well as a

dedicated packaging with speci�c acoustical cou-

plings, this loudspeaker could replace the sec-

ondary loudspeaker of smartphones.
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