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RESUME

L'intérét et le développemertes microsystemes aujourd’hui sont basés lesrmémes
principes qui ont fait le succes des circuits intégrés. Codane lamicroéléctronique, le silicium est
le matériau leplus utilisé parmi lesmicrosystemesMalgré cettehégémonie, il existe d’autres
alternativespour lesapplications ou le siliciunm’est pas trés performant. L'arséniure gedlium
(AsGa) se montre prometteur car des effets comme la piézo-électricité, la piézo-resistivité et I'émission
de rayonnement lumineux peuvent efficacement étre exploités.

La fabrication des microstructures suspenduémécaniques) compatibles avec des
technologies standardsles circuits intégrés en AsGa est présent@ns cette these. Ces
microstructures sont obtenues a travers le micro-usinage en volumefgaar svant et ne demandent
aucune modification du procédé sircest uneétapepost-process de gravudestinée a libérer les
structures devant étre suspendues. Ce primEpeet la fabrication collective gyrandes quantités et
a bas co(t puisque s’insérant dans une filiere industrielle stabilisée.

Dans ce travail, plusieurs solutions de gravure ont été étudiées et caractérisées. Les vitesses de
gravure et les éventuels dégdtms les couchediélectrigues et de métallisatiates plots ont été
vérifiés. A partir de ces résultats, deapplications potentiellegour les microsystéemes en AsGa ont
étéconsidérées : les composants thermiquedimguit parti du coefficient Seebeck de I'AsGa et de
I'isolation thermique des structures suspendues, et les composants électrpasgpifssmicro-usinés
pour les circuits micro-ondes,comme les lignes micro-rubans et les inductances planaires.
Finalement, un ensemble d’outils @AO pour les microsystemes &€ développé.Des modules
spécifiqgues ont été assemblés a I'environnement M@&maphics,commepar exemple la vérification
des régles de dessins pour les microsystemes, des outils pour la visualisation du layout en coupe et el
trois dimensions, et des simulateurs de gravure.

Mots clés : microsystemes, arséniure de gallium, micro-usinage, thermocoingectance
planaire, outils de CAO.
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Les deux dernieres décennies été marquées par le développemelds technologies de
circuits intégrés. Parallelement, dans les anB8e®n a assisté a I'essor dagrosystemes du type
monolithique, c'est-a-dire l'intégrationles systemesomplets sur une méme puce (capteurs,
actionneurs et électronique). On peut penser agligntérét seprolongera au moins pour les dix
prochaines années, car il y a de nombreuses applications dans les domaines médical, automobile, de |
télécommunication, de I'environnement, dans le domaine militaire, et dans bien d’autres encore ou les
microsystemes peuvent efficacement étre exploitées.

L’objectif principal est, dans un premitamps, de construire desicrostructures meécaniques
compatibles avec I'électronique intégrée dans urdeuxiemetemps,d’aller vers laconception de
systemesdntelligents miniaturisés. Les systeméstelligents comprennent en génétebis grandes
parties: linterface avec I'environnemerftapteurs et/ouactionneurs), lapartie de traitement
analogique, et la conversion analogique-numérique pour le traitement des signaux.

Les microsystemes représentent le sujeteteethése, dontes chapitres serortrievement
décrits dans la suite de cette présentation.

Chapitre 1 - Introduction

Le marché des microsystemes est en plekpgansion. Cenarché a été estimé 4896 a 1,3
milliards d’unités (1,2 milliards de dollars de chiffres d’affaires), et on espéver a5,4 milliards
d’unités a I'horizon 2002, ce qui représente environ 34 milliards de dollars de chiffres d'dffhires
Parmi les applications potentielles, les capteurs de pressiteceélération représentent aujourd’hui
une croissance d’environ 17% par an. Néanmoins, de nouveaux compasamspar exemple les
micro-miroirs, les capteurs de température, les micro-valve®eteles composants électroniques
suspendus ont leur place assurée.

Commedans lamicroélectronique, le silicium représente le matériaplles utilisé pour la
conceptiondes microsystemes.état trés avancédes procédés diabrication et de conception des
circuits intégrés ainsi que les excellentes propriétés mécaniques du silicium sont les principales raisons
de cet état de fajR]. Cependantg’autresmatériaux toutaussi prometteurdoivent étreconsidérés
pour lesapplications ou le siliciunm’est pastout a faitadapté,commepar exempleles systémes
optiques et les circuits d’'opération a trés hautes températures.

L’arséniure de galliunfAsGa), enparticulier, aétépendant tres longtemps considéainme
une ‘technologie ddutur’, mais il n'apas réussvraiment a conquérir I'intéréhdustriel. Des codts
élevés etdes difficultés dans lafabrication des circuits ont coupéson envol. Néanmoins, des
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technologies commerciales &sGacommencent a étrdisponibles pour laonceptiondes circuits
numeériques et analogiques a hautesse.D’une part, cematériau a denombreux avantages par
rapport au silicium au niveales propriétéphysiques. Léandgap plusarge offre la possibilité de
fonctionnement alestempératureplus élevées, tandis que daractéere direct dbbandgappermet
I'intégration des circuits optoélectroniqued’autre part, méme siles caractéristiques mécaniques
associées a 'AsGa ne sont pas aussi bonnesaies dusilicium, on peut considérer qu’ellssnt
suffisantes pour construire des microstructures mecaniques rigides [3].

L’objectif principal de la thése est de démontrer la faisabilité de fabrici®microstructures
micro-usinées en utilisant la gravure en volume pdada avant,compatible avedes technologies
standards desircuits intégrés.L'intérét d'utiliser unetelle approche est illustré par I'étude des
applications spécifiques ou ’AsGa se montre performant.

La premiéere partie de ce travast dédiée a la fabricatiates structures suspendues. hief
apercu des principales caractéristiques de 'AsGa ainsiéjaede I'artsur les techniques de micro-
usinage sont donnés dansGbapitre 2. L’'approche adoptée et la caractérisates solutions de
gravure sont décrites en détail dans le Chapitre 3.

La deuxiéme partie traite des deux applications potentjgiles les microsystemes &sGa :
les composants basésir les effets thermiques et les composgmassifs micro-usinés pour le
fonctionnement en radio fréquences. D'yaat, 'isolement thermiqueles composanlectroniques
a été réaliségrace a une structure en pont de forme triangulaire, obtenue a ddanir gravure
préférentielle (voir Chapitre 4). De plus, les applications basees tharraopile ont étés étudiées en
détail en prenant en compte la structure de thermocouple composée par AgGa(atétal). Comme
résultat, le convertisseur électro-thermique paraittédsefficacedans laconceptiondes capteurs de
puissance pour les circuits micro-ondes, tandis que le détecteur infrarouge n’est pasomesint a
cause de l'absence d’'une zone sensible (couche alog@rbante)D’autre part, les lignesmicro
rubans,les inductances planaires et teensformateurs, discutés dan<Cleapitre 5,sontclairement
ameliorés par le micro-usinage en raison de la réduction significative de certains effets parasites.

Finalement, la troisiémeartie de cettéhése présente le développemdeas outils de CAO
pour laconceptiondes microsystemes. Quilise un environnent de conception de circuits intégrés
déja existant pour introduire des modules spécifiques aux microsystemes. La vérification des regles de
dessins, les outils pour la visualisation du layout en coupe et edlitr@sisions, desimulateurs de
gravure et des générateurslagout ontétéintégrés viades menus spécifiquesMentor Graphics.
Ces outils sont décrits en détail dans le Chapitre 6. La conclusion génécateett@se ainsi que les
perspectives futures sont présentées dans le Chapitre 7.
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Chapitre 2 - Microsystemes en AsGa

Les mots microsystéme, micromachindMS (‘MicroElectroMechanicalSystemg’ ont été
adoptés respectivemertans les différentscontinents européen, asiatique et américainpour
représenter le méme domaine de recherche et de développement. Ce donfaiheyeesdimite pas
a des structuresnicro-mécaniques comme la nomenclature sigggére, mais des composants
thermiques, chimiques bten d’autressont aussi envisagés. Par convention, dans ce travail, le mot
micromachine sera réservé pour décrire les techniques et les procédures de micro-usinage, tandis qu
les mots MEMS et microsysteme se référeront a l'intégratensystemesionolithiques composées
par des parties électroniques et non-électroniques (composants micro-usinés).

Dans la conceptiodes microsystemes, desatériaux autres que $licium, commel’AsGa,
I'InP et le quartz, ne doivent pas étre oubliés surtout pour les applications ou le silieairpastout
a faitadapté. L’AsGa, eparticulier, représente la technologieplas avancéeapres le silicium. Ce
matériauest placé comme urres fort candidapour laconceptiondes systemestelligents car il
permet lintégrationdes composants et degcuits électroniquesavec des parties mécaniques et
optiques.

Une grandemobilité etune grande vitesse de pipdak velocity) desélectrons rendent les
circuits numeériques et analogiques en As@as performant qu’en silicium, tandis que la
caractéristique semi-isolante de 'AsG&té unfacteur déterminardans la construction desrcuits
micro-ondes monolithiques. OQ®us, lastructure cristallographique de I'AsGa présente polarité
intrinseque dont résultent un comportement de gravure unique et des effets comme la piézo-€lectricité.

Mécaniquement, les propriétés de ’AsGa sont moins bonnes que le silicaissuffisantes
pour permettre la construction de microstructusespendues [3]. Paxemple, la contrainte de
fracture de 'AsGa egtgale &2,7 GPa, alors que lesilicium présente une contrainte de l'ordre de
7 GPa. llest intéressant de remarqugron utilise rarementdes structuresgvec des contraintes
supérieurs a 1 GPa a cause des problemes de déformation mécanique.

Dans le cades caractéristiqueghermiques, I'AsGa senontre moinsbon conducteur de
chaleur que le silicium. La conductivité thermique péwe réduite encorelus si des couches
d’AlGaAs sont considérées. Lapefficient Seebeck de I'AsGa dopé égal a300 pV/K, cequi le
rend incontournable pour les applications a base de thermocouples.

Les principaux mécanismes de réponse a des stimulus de I'environnent (tempgéression,
accélération et d’autres) présentés par I’AsGa sont les suivants :
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* piézo-électricité — l'effet piézo-électrique est proche delui présenté par le quartz, et il
permet de créer les méme modes de vibration que le quartz si la direction appropriée du cristal
est respectée;

* piézo-résistivité — le facteur de piézo-résistivité obteavec la couche AlGaAs peétre
jusgu’a dix fois supérieur aux valeurs typiques présentées par les micro-capteurs en silicium;

* thermo-résistivité — la réponse thermo-résistive est due a la mobilité des charglemet,
tres dépendente de la composition de I'AIGaAs;

* réponse piézo-optique etbandgap direct — la dépendance du bandgap direct par
rapport aux stimulus de I'extérieur pedite mesurée en fonction déphasage d’'une onde
lumineuse incidente.

Un résumé desaractéristiques de I'AsGa et les valeurs correspondanteslicium sont
présentées dans le Tableau I.

TABLEAU | - Propriétés de I'’AsGa et du silicium.

GaAs silicium
Résistivité thermique (K.cm/W) 0.64 2.27
Coefficient Seebeck (uV/K) — 300 100-1000
Module d’Young (GPa) 85 190
Contrainte de fracture (GPa) 2.7 7.0
Durcissement (100) (GPa) 7 10
Coefficient piézo-électrique.d (pm/V) - 2.69 0
Coefficient électro-optique (pm/V) 1.4 0

Au niveau de lagravure, deuxcaractéristiques principalesont considérées pour le
développementes techniques de micro-usinage &sGa : lagravure sélective entre 'AsGa et
d’autres matériaux llI-V et la gravure préférentielleamisotropiqueD’une part, la gravuresélective
donne une tres bonne flexibilité pour créer et exploiter des couches épitaxiées dans la construction des
microstructure suspendud3autre part, la gravure anisotropiqust caractérisée par I'apparition du
plan cristallographique d’arrét {111}Ga avec la formation d’'un unique preditécal entriangle, qui
n'est pas possible en silicium. De ces deux caractéristiques, plusieurs techniques de micro-usinage er
AsGa ont été déja développées. Ces approches peuvent étre divisées en deux pyirazipasx les
technologies spécifiqugzour les microsystémes et léschniques compatibles avées procédés
microélectroniques.

Une technologie spécifiqueour laconceptiondes microsystemes en AsGa estpfecéedé
SCREAM-II (‘Single Crystal Reactive Etchingnd Metalization 1I") qui permet la construction des
microstructures suspendues avec un rapport hauteur / largeur jusqu’a 25:1, c’est-a-dire, des structures
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de 10 um de profondeur avec 400 nm de large. Telle technologie est illustrée dans la Fig. 1 [4].

Dans les techniques de micro-usinage compatiélesdes procédés darcuits intégrés, les
structures peuvent étre libérées soit par le micro-usinage du substrat (en volume), soit par la gravure
de certaines couches sacrificielles gmface). En plus, dans ¢&as du micro-usinage en volume,
deux sortes de gravure sont possibles : par la face avant ou par la face arriére.

Fig. 1 - lllustration du procédé de micro-usinage SCREAM II.

Les techniques qui considérent le micro-usinage du substrat faaelavant profitenassez
bien de ces deux caractéristiques de gravure (sélective et anisotropique) descaéeka gravure
sélective peut séaire, par exemple, en considérant des régions du sulestdatmmagées par
implantationionique. Ces régions ogenéralement tendance a se graver beaygogpvite que le
reste dusubstrat. Pour ca part, ravure anisotropique permet la création pmts enforme
triangulaire, ce queous verrons edétail plus tard. La gravur@ar laface arriere, par contre, est
basée surtout sur la sélectivité de '’AsGa par rapport a 'AlGaAs, qui sert de couche d’attddguse
chimique. La combinaison de ces deux méthodes de micro-usinage du qaostes fairealans un
méme procédé afin de créer des structures plus élaborées, cf. Fig. 2 [5].

La création des microstructursgspendues basées sur des couépiaxiées se fatbujours
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avec des couchesacrificielles intermédiaires placédsns la surface de la puce. Cesuches
sacrificielles peuvent étre constituéestdetes sortes de matériauspmme par exemplel’AsGa,
I'AlGaAs, I'oxyde de silicium eimémeles couches dmétallisation[6]. Cetype de structur@ermet
généralement la fabrication de géométpkss petites eplus élaborées qu’avec le micro-usinage en
volume.

Fig. 2 - Micro-usinage du substrat par la face avant et par la face arriére.

L’'approche adoptée au sein du laboratdidA correspond a la gravure du substrat par la

face avant en utilisant des procédés de fabrication des circuits irgtgrdards, et samsodification

du procédés original ni I'utilisation de niveaux de masque additionnelsRpiB3) [7]. Les couches
diélectriques, utiliséedans la passivation ebmme couches intermédiairegour la métallisation,
servent de protectiopour les régions du substrat qui ne sont g@scernées par lgravure. Le
superposition des ouvertures dd®lectriques permet l'accés aubstrat et,par conséquence,
l'usinage a partir d'une solution chimighemide.Cettesolution doitimpérativemengarderintact la
couche de passivation et la métallisation des plots.

Cette techniqu@’est pas duout nouvelle, il y a de nhombreuses technolo@i#d4OS qui ont
été déjautilisées avecetteméthode[8]. Mais, d’aprésnotre connaissance a partir d’'urecherche
bibliographique détaillée, c’est la premidoes qu’unetelle méthode de fabricatiodes structures
suspendues été considérégoour lestechnologies commerciales de circuits intégrésAs@Ga. La
caractérisation de la procédure de micro-usireaggsibien que les applications potentielles et les
outils de CAO pour la conception des MEMS seront discutés dans les prochains chapitres.
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Fig. 3 - Technique de micro-usinage compatible avec des procédés standards des circuits intégrés.
Chapitre 3 - Caractérisation du Micro-Usinage

L'approche qui a été adoptée dans ce travail pour la crégmicrostructuresuspendues en
technologies de circuits intégrésandards consiste wiliser les propres couches dprocédé de
fabrication commamasque pour le micro-usinage dubstrat.Dés lors, aucune modification du
procédé de fabrication de la partie électronique néstessaire, ni aucuniveau de masquage
additionnel. Pour celdes ouvertures des couchdiglectriquegcontacts, vias et ouvertures dans la
passivation) sont superposéafi de créemes régions ou la surface du substratesgginsée. Ce
substrat mis a nu sera gravé par une solutionide qui libérera lemicrostructures, tandis que la
passivation protégera I'électronique. Cette opération de gravure est rapliééde flot ddabrication
AsGa, d’'ou son nom d’opération post-process.
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Dans le cadre de ce travail, deux technologies circuits intégrés emsGa, qui étaient
disponibles a travers le service de prototyp&déP, ont été étudiées : legprocédé MESFET de la
fondrie Vitesse Semiconductor et le procét#MT de Philips Microwave Limeil (PML). Cesdeux
technologies on&té considérées pouvérifier d'abord lafaisabilité des ouvertures denasquage
mentionnéeplus haut (qui ne dépendent que du procédé de fabricdBsmircuits intégrés) et en
suite pour construire de membranes, ponts, poutres, aussi que d’autres structures suspendues [9].

En fait, comme lasuperposition des ouvertures des coudiéectriquesn’'est pagprévue et
parfois méme n’est pas autorisée par la fondrie, I'existence de couches résiduelles dans ces ouverture
a été remarquée pour certains motifs et de facon particopbérechaque technologi€ette contrainte
s’estrévélée beaucouplus critique dans les cas des pucéiesse MESFET epresqueinexistante
dans le cas des puces PML HEMT a partir de certaines dimensions d’ouvertures (voir Fig. 4).

(a) (b)
Fig. 4 - Micro-usinage des puces Vitesse MESFET (a) et PML HEMT (b).

Toujours aprées ldabrication et avant la réalisation de deavure,une procédure de pre-
nettoyage des puces edtectuée afin d’enlever les éventuelles coucBegiuellesCette étape'est
révélée tres efficace dans le cas des pHEET, parcontre les ouverturedans les puceSIESFET
sont souvent couvertes paette couche résiduelleMéme apres des discussiorarec lafondrie
Vitesse et I'utilisation de plusieurs techniques de nettoyage ce probl@rpasétérésolu. De fait, la
suite de cette investigation a été fait en prenant en compte surtout la technologie PML HEMT.

La gravure humide de I'AsGa est un sujet btemité dans lalittérature car elleest trés
importante dans la procédure déabrication des circuits intégrés. En bref,les principales
caractéristiques générales sont décrites ci dessous [10] :

» dépendance del'agitation — pour certainessolutions et dimensions desotifs
d'ouverture, I'agitation accélére la gravure car la solution se renouvelle plus facilement;
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e gravure anisotropique — la vitesse de gravure des pldid1} est si faiblequ’'on les
considerecommeplans d’arrét; cependant, on note que les p{atd}Ga sont pluslents
que les plans {111}As en raison de la polarité du cristal d’AsGa;

» dépendance entempérature — en général'augmentation de l&empérature accélere la
gravure, ce qui dans certains cas peut influencer le comportement anisotropique de la gravure
qui deviendra alors plus uniforme ou isotropique;

» dépendance dutemps de gravure — on considére par simplicité que \itesse de
gravure sdait de facon constantear rapport au temps; mais il faut bien préciser qu'avec
l'augmentation de la profondeur deckvité gravée, leenouvellement de la solutiatevient
de plus en plus difficile; comme résultat, on remarque une réduction de la vitesse de gravure
jusqu'a la saturation de la solution;

Les vitesses de gravure et daractéreanisotropique sont pluproprement décrits par le
diagramme polaire en deux ou trois dimensions. La création de ce diagramme peut se faire a partir de
quelques donnés et par interpolation mathématiglusieurs méthodegeométriques d’analyse de la
gravure sont basées sur ce diagrammefacan de construire utel diagramme deyravure est
illustrée dans la Fig. 5 et décrit en détail dans ce manuscrit.

Fig. 5 - Construction du diagramme des vitesses de gravure a partir des données
disponibles et avec l'utilisation du diagramme de lenteur.

Trois types de structures oétié envisagéesvec la technologidsGa, entenant compte du
comportement sélectif et anisotropiqies solutions [11][12]. Ces structures silostréesdans la
Fig. 6. Onrappelle gu'a cause du problemes couches résiduelles présenté par les pritesse
MESFET, on a dirigé cette étude en considérant le procédé HEMT de PML.
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Fig. 6 - Structures suspendues envisagées avec la technologie AsGa HEMT de PML.

La premiere structure consiste a utiliser 'AlGadsnme la couchd’arrét pour gardeintacte
la couche AsGaupérieure. Pour cela, flwt considérer laplus grandesélectivité entre AlGaAs et
AsGa présentée par les solutionsgdavure,afin de permettre la réalisation de microstructures les
plus largegpossibles Cette structure est trés intéressameur la construction deolometres et de
thermocouples (voir plukin). Parmi les solutions de gravure trouvéemns lalittérature et qui
présentent la caractéristiqgue de sélectivité entre 'AsGa et 'AlGaAs, trois ont été testées:

* NH40OH:H 202 — cettesolution a présenté deségularitésdans laforme de la région
gravée, peut-étre a caudesattaquessur les couches diélectriques de nitridedetxyde de
silicium;

» Acide succinique:NH4OH:H 20, — elle est présentéelans lalittérature comme une
solution trés sélective, mais la vitesse de gravure tres basse observée éordences ne
se montrepas vraiment adaptée a cetdpproche car il fautles heures pouibérer des
microstructures avec des dimensions raisonnables;

* CegHgO7:H202:H20 — la solution d’'acide citrigus’estmontrée laplus efficace en terme
d’uniformité, de reproductibilité, et de cinétique de gravure (vitesse).

La deuxiéme structure profite du comportement anisotropique unique présenté par certaines
solutions de gravurd.es différences de vitesse de gravure des meastllographiqud111}Ga et
{111}As permettent la créatiodes structuresvecune masse de substrat dessous efiorme de
triangle inversé (voir Fig. 6). Ca parait tres intéressant car la zone active pecdiétenuedans des
ponts ou des poutrepermettant ainsi lauspension des composaétsctroniques actifiiransistors
et diodes). Le comportement anisotropique de la gravure de 'AsGa a été bierdahglldittérature
pour différentes solutions puisque joae un role importantans lafabricationdescircuits intégres.
Dans le cadre de ce travail, quatre solutions de gravure ont été testées :

* HpSO4:H202:H20O — cettesolution n'a présenté aucun probléme d'uniformité de la
gravure, mais a partir de profils verticaux on a remarqué la prédeagaans {111}As due
a la faible différence de vitesse de gravure entre ces plans et les plans {111}Ga;

* H3PO4:H202:H 20 — elle présente un comportement anisotropiquand ortravaille a 0
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dégrée mais, par contre, elle devient rapidement isotropique a température ambiante;

* NH40OH:H 202:H>O — cette solution présente aussi une trés borumformité et
reproductibilité des structures micro-usinées, mais avec une gravure latérale plus significative
par rapport a la profondeur de gravure;

* Bro:CH30H — elle attague clairement la métallisatides plot méme aveane trésfaible
concentration de bromide.

En conclusion, les solutions basées surde® et le NHHOH peuvent étreonsidérées pour
la gravure anisotropiquavecune préférenceour le NHJOH qui peutétre utilisé a température
ambiante. D'autres solutions telle que le HCI et le HF sont aussi présentéeslittératuee comme
des solutions anisotropiques pdérsGa. Malheureusement, ces soluticatsaquent les couches de
métallisation et de passivation, ce qui va a I'encontre de notre approche compatible microélectronique.

La troisieme et derniére structure est composéegmicouchediélectriques etles lignes de
métal, sansgarder lematériauAsGa en bas de la structure. Le plus granérét pour cegenre de
structure est la construction des ligmaikro rubans et des composants passifs suspendus pour le
fonctionnement en tres hautes fréquences (micro-ondes: Ché&pitiees solutions de gravure
caractérisées pour les deux autres types de structures peueetement étre appliquéis car on a
aucune contrainte de gravure sélective et anisotropique.

D’une part, des études plus avancées sainktique de gravure doivent se faire au niveau du
wafer et non plus amiveau des pucescar leurs dimensions réduites les rendent difficiles a
manipuler. D’'autre part, les caractérisations thermique et mécanigigs couches sont aussi
importantes. Mais tous ces efforts additionnels ne pourront se justiflesapplications potentielles
ne sont clairement identifiées. Pour cela, les deux prochains chapitres traiterontpaesantsnicro-
usinés en utilisant la technologie PML HEMT.

Chapitre 4 - Composants Thermiques

La détection de la température représente I'une des actions les plus dasisjyedomaine de
I'instrumentation, soit pour obtenir cet information de I'environnement ou de cectaips, soit pour
I'exploiter commeune mesure intermédiaidans des systemesectriques[13]. Les capteurs de
températuresontparmi les premiers capteurs a aw@ti miniaturisés et représenteatijourd'hui la
plus grande partie du marché des microsystemes.

En ce qui concerne les applications thermiques, la supériorité de I'swgQasilicium tient a
sa plus grande résistivité thermique, ce qui permet une meilleure sensibilité tout en nécegditant de
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faibles consommations. De plus, le coefficient Seebeck de I'AsGa lastdile de 300 pV/K epeut

étre efficacement exploité dans la construction de thermocouples. Un dernier point trés intéressant est
le fait que son large bandgap permet le fonctionnement de I'électroniqudesitempératures
d’opération d’environ 350 degrés.

Le composant thermique fgus simple que l'onpuisse fabriquer est l&sistancesuspendue.
Une gravuresélective dusubstrat ou une gravure anisotropique peugest utiliséegour libérer le
composant (voirchapitre précédent).Cette structure peutétre utiliséepour la construction de
bolométres, mais aussi pour les thermocouples, décrits plus tard dans ce chapitre.

Le pont en forme triangulaireermet desuspendre des transistors et des diodes Birla
active est maintenue. L'isolation thermique de tels composants électroniques acétsepexjloitée
pour le développement de convertisseurs RM®Bt(mean square') et pour le contréle dempérature
dans les parties sensibles des circuits analogiques [14].

Les structures a base de thermocouples présentegtadds avantages par rapport aux
composants basés sur les résistances, diodéargtistors,parce qu'il n'y a pas besoin de
polarisation de courant ou dension. De plusaucun offset n'est génédans le signal de sortie et
I'obtention de l'information est possib&ec un simplevoltmetre. Enfin, lasensibilité decette
structure est trés peu influencée pkas variations de parametres électriqumsg le wafer ou de
température d’opération.

Trois effets thermoélectriques doiveétre pris en compte dans le fonctionnement des
thermocouples :

» 'effet Seebeck— quand deuxmatériaux avedifférents coefficients Seebedont liés
entre eux, et qu’une différence de température est observée entre la partie court-circuité (point
chaud) et l'extrémité libre (poirfroid), alors, une différence de tension apparait aux
extrémités libres de la structure;

* I'effet Peltier — celui-ci correspond a I'absorption ou a la restauration dehkleur a
'environnement quand un courant traverse une jonction composée parnadériaux

différents;

 I'effet Thomson — il correspond a l'absorption ou a la restauration dehaleur a
I'environnement quand lechemin d'un courant électrigue présente un gradient de
température.

Pourbien tirer parti de l'effetSeebeck, il eshécessaire d'isoler thermiquement la jonction
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chaude du thermocouple et au contraire de coupler la jonction froide a la température ambiante. Au
niveau des circuits intégrés, on augmente la résistance thermique entre la jonction chaude et le substra
en la suspendardvec des techniques de micro-usinage. La régiavec une faible conductivité
thermiguecorrespond a lgpartie centraleles membranes etles ponts, ollextrémité des poutres,

tandis que la surface du substrat niai pasété micro-usinée est considéréemme larégion froide

[15].

Dans la technologie PMHEMT, le thermocouple est constitué d’AsGa et de la couche de
métal d’'interconnexion (TiAu). Pourtant, malheureusement, cette couchétaa'est pagout afait
adaptéepour cegenre de structure calle présente une tres bonmenductivité thermique, un
coefficient Seebeck pratiguement nulle et un épaisseur de 1.25 um. Les thermocouples micro-usinées
sontlibérés grace a une gravure sélective ou anisotrofiepie Fig. 7), mais comme la couche
d’AsGa doit impérativement rester intacte, il est difficile de plaesrx thermocouples, I'un éoté de
l'autre, sur la méme structure suspendue. En contre partie, les petites dimensions des ouvertures pou
le micro-usinage permettent la construction de plusieurs ponts et poutres tres rapprochés.

STR_#]. 3um

Fig. 7 - Thermocouple réalisée dans la technologie PML HEMT.

Une facon simple de vérifier I'efficacité de certains matériquour la construction de
thermocouples consiste calculerleurs figure de mérite. La figure deérite prend encompte le
coefficient Seebeck, la résistivité électrique et la conductivité thermique du mdi&ks@a présente
une figure de mérite similaire au polysilicium, tandis que I'AlGaAs g&atrois centsfois supérieur
si sa composition est optimisée. Par contre, le métal TiAu est trés mal adapté a cestypetude. Il
faut remarquer que les épaisseurs des couches disponibles ne sont pas guisgseeians lafigure
de mérite, pourtant elles jouent un réle tres important dans la performance des thermocouples.

Dans cette étude, lamodélisation analytique été développéepour obtenir lesexpressions
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mathématiques de la température dans la partie la plus chaude en considérsottegue puissance
d'entrée : le rayonnement infrarouge, qui est également distribué sur toute la surface du composant, e
une puissance thermique dentact générépar une résistance chauffamlacéedans la structure

[16]. Les caractéristiques comme la sensibilitéldtectivité et la constante tempsdes composants

basés sur la thermopile sont aussi présentées. Plusieurs applications peuvent étre envisagttes avec
structurecomme le capteur dpression, lecapteur de vitesse d&ir, le convertisseurélectro-
thermique et méme des accélérometres. Mais, en général, elles sont basées sur deux types de stimulu
le rayonnement et la puissance transmise par une résistance chauffante.

Une autre facon d’évaluer le comportemetés thermopiles, en dehors des équations
analytiques, consiste a utiliser un circuit électrique équivalent qui modélise le comportement thermique
du composantCette méthode permene analyse dynamique du comportement, qui peutise
facilement avetaide dessimulateurs électriques bimonnus,commeSPICE. Dans ce travail, les
modeles électriquesont présentés pour les dec&s, c'est-a-dire, lelétecteurd'infrarouge et le
convertisseur électro-thermique (voir Fig. 8). Des simulat@estriques onété aussiréaliséegpour
évaluer les applications envisagées.

Fig. 8 - Modele électrique d'un convertisseur électro-thermique.

La troisieme voiepour vérifier les caractéristiques thermiques du comportement des
microstructures consiste a utiliser la méthatbs élémentsfinis (FEM). Ici aussi les structures
proposées onété modélisées en trois dimensions et simuléesc le logiciel ANSYS, afin de
comparer ses résultats avec les deux autres approches mathématique et électrique.

Des détecteurs d'infrarouge et des capteurs de puissance micro-ondes (convettsseurs
thermiques) sont en cours thbrication et de test (voiFig. 9) et, pour linstant,aucun résultat
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expérimental est disponible.
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Fig. 9 - Photo d'un convertisseur électro-thermique composé par 20 thermocouples.
Chapitre 5 - Composants Passifs Micro-Ondes Micro-Usinés

L'intérét sur les circuits micro-ondes monolithiquésIMIC - ‘monolithic microwave and
millimeter-waveintegratedcircuits’) a considérablement augmenté ces derniéres annéasen de
I'apparition du marché d’internet, du téléphanebile, et des réseaux datellitespour les systemes
de télécommunications. Les principaux avantaggesMMICs par rapport aux circuits discrets et
hybrides sont la miniaturisation, la flexibilité de conception, le gain en performance et la réduction des
couts de fabrication [17].

Les avancées dans le domaine de la microélectroriquaneles plus grandes fréquences de
coupure présentées par des transistors AsGa et SiGer(lte degigahertz) permettentaujourd’hui
la construction des circuits monolithiques pour I'opération datisbande de fréquencPar contre,
les lignes dedransmissionsjes inductances planaires et autres compogaassifs représentent
toujours I'un desprincipaux challenge emaison des nombreugléments parasiteassociées qui
apparaisseravecl'augmentation de la fréquence de fonctionnenidatgré la caractéristique semi-
isolante du substrat AsGa, ce matériau n’échappe pas a ces effets indésirables.

Une des techniques la plefficace et prometteuggour améliorer la performance de ce genre
de composant consiste a les suspendratiésant la technique dmicro-usinage, afin d'éviter le

contact avec le substrat et ainsi de réduire principalement les capacités parasites [18].

L'approcheprésentéelans cdravail permet laconstruction de telsomposants, gupeuvent
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étre directement appliqués a la conception des circuits MMIC, car la technologie PML eHENEfa
appropriéepour ¢a. De plusune nouvelle structure d’inducteur ayant chaque segswspendu
séparément a été proposée.

Une ligne de transmissions micro ruban est composée par un conduatetadglacésur un
substrat semi-isolant avec une couche de métallisation sur la face arriere qui sert denalasedd=n
AsGa, cette ligne demétalest normalement en qrour obtenir une trégaible résistance électrique.
L’épaisseur du substrat ejal 2100 um, etonc, ilestfacile d’imaginerque lacapacité entre le
conducteur et le plan de massest pamégligeable. Un autre avantades lignes suspendues est
I'élimination de la discontinuité du champs électromagnétique, pringipg®nsable des pertes par
rayonnement.

L’idée de suspendre les lignes de transmission pour réduirecaptteité parasite'est pas du
tout nouvelle.Des techniquebasées sur des pord&ir (air bridge’) ont été démontréeglans la
littérature [19]. Mais cette approche présente des limitations au niveau de la hauteur de la couche d’air
sous ldigne etdesdifficultés pour construire des structures ptusmplexes commkes inductances
spirales.

La réduction de la permittivité effective &nction de la profondeur de gravuré@ évaluée
en utilisantdeslogiciels basés sules méthodes spectrale @s moments MOM - ‘Method of
Moments). Une vue en coupe de ligne microruban et les résultats de la simulatsamt présentés
en Fig. 10.

Des lignes avec des dimensions variées ont été fabriquées et gravéesamatdaisation en
hautefréquenceDes motifs de tegtour I'extraction desapacités parasitates plots onété aussi
placés sur les puces. Les mesures en parameétres S ont été réalisées jusqu’a 15 GHz, limite donnée p:
I'équipement et I'environnement de test. La capacité de la ligne @téiegduite par lasuspension de

la ligne, tandis que la caractéristique inductive de la ligne n'a paBe&ti&epar le micro-usinage. De
plus, ces deux parameétres ont montrés une trés faible dépendance a la fréquence d’opération.
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€)) (b)
Fig. 10 - Vue en coupe de la ligne micro ruban et le comportement de
la permittivité effective en fonction de la profondeur de gravure.

L’inductance planaire spirale présente emeeffets parasites qu’urigne microruban. De
plus, les capacités parasites entre fEgments sont aussi responsable deldgradation des
performances a haufeéquence. Urmodele du comportement en haute fréquence est présenté en
Fig. 11 [20].

Il parait évident que la constructiaiun inducteur planairesur une membrane diélectrique,
comme il a été déja proposé en silicidans lalittérature, est tout-a-fait faisabévec cetteapproche.
Mieux que ¢a, lapossibilité d'utiliserdes ouvertures pour le micro-usinagel'dedre de 4 um a
permis la fabricatiom'une nouvelle structure d’inductance planaaeec chague segmestispendu
individuellement. Comme résultat, non seulement les capacités parasites par rapport au plan de masst
sont réduites, mais aussi les capacités entre segments.

(b)
Fig. 11 - Photo (a) et modele (b) de l'inductance planaire spirale.
Des inducteurs ont été fabriqués et micro-usinés avec différents temps de gravuegifeur
I'effet de la hauteur de la coucldéair crééepar cetteprocédure. On &érifié que le modéle adopté
s'adapteavec précision aux mesures réalisé&ans laFig. 12 est présentée l'augmentation du
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facteur de qualité en fonction de la profondeur de gravure pour une self de 12 nH.

—+—Q for standard inductor
—<— Q for free standing inductor (8 um)

24— Q for free standing inductor (22 um)
—*—Q for free standing inductor (42 um)
25“‘\“‘\“‘\“‘\“‘\“‘
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Fig. 12 - Facteur de qualité d'une self de 12 nH micro-usinée.

Une des possibilités des inductances planaires est la création de la structure du transformateur
en utilisant deux self imbriqué¢®1]. Dans cecas,les avantages associéesettenouvelle structure
d’inducteur deviennent encore plus évidants parce que les capacités esggrients jouent urdle
trés importantdans lecomportement deransformateur. La structure du transformateur ehdelele
adopté sont montrés dans la Fig. 13.

(@) (b)

Fig. 13 - lllustration de la structure(a) et du modele (b) du transformateur.

Les mesures effectuées sur le transformateur suspendu ont été réalisées jusqu’a 15 GHz. On &
vérifié que la modeélisation utilisée est assez précise et que l'effet de résoradaeealé au dela de
15 GHz (voir Fig. 14), c’est-a-dire que ce composant pétite optimisépour unecertaine bande
d’opération quin‘est padimitée al5 GHz. Il est important de remarquer qdans ce cas une
comparaison de performance entre le composant standard et la version microrasinpagéaliste
car, aucontraire d'une selfoute seule, letransformateur doit normalement étre optims@ir une
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fréquence d’opératioprécise. Lepoint qui doitétre mis en évidence esefficacité du modele qui
permettra une telle optimisation et la réduction significative des capacités parasites.
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Fig. 14 - Photo (a) et résultats de mesures en paramétres S (b) du transformateur.

Pour conclure ce chapitre, les caractéristiques thermiques et mécaniques de ces composants on
étés évaluées pdes simulation$EM. D’'un part, lapartie thermique edstés importante parogue,
au contraire d'un capteur thermique ou on vise a alesrrégionsvec faibledissipation de chaleur,
ici l'augmentatiorinévitable de la température présentée pacdesposants micro-usinés résulte en
une augmentation de la résistance de la ligntasesmissionjndésirablepour I'opération en haute
fréquence. D'autre part, la fragilité des composants micro-usinégmeéther leur utilisatiordans
certaines applications potentielles comias réseaux de satellitgpur lestélécommunications et
l'internet.

Les résultats mécaniques et thermique obtenus pour des inducteurs placés sur une membrane €
construitsavecles segments isolés sont présentés dakRfglal5. Cesstructures présentent de tres
bonnescaractéristiques mécaniques, tandis que l'augmentation tdeperature doit étrprise en
compte pendant la conception si des valeurs relativement élevées de courant électrique doivent circuler
de facon continue dans la bobine.

Chapitre 6 - Outils de CAO pour la Conception de Microsystémes
Dans la troisieme partie dettethése, unensemble d’outils d€AO pour laconception de
microsystemes est présenté. Mais avant de décrire deutéts il est important de comprenddans

guel contexte ils ont été développés.

Il est bien connu que les services de prototypage disponible dans le monde, comme le CMP en
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France, MOSIS aukEUA et PMU au Brésil représentent un moyen efficace de rédigsecolts de
fabricationsdescircuits intégréglans les cas des prototypes et de production en bas volume. Ces
services regroupent plusieutscuits differentsdans unméme‘run’ (ou wafer). Aujourd'hui ces
servicescommencent a étr@ussi offerts pour laonception demicrosystemes, soit eatilisant des
procédés de fabricatispécifiques, soit a travers des approct@spatibles avetes procédés de
fabrication des circuits intégrés [22].

B
g
|
5
a

CT T

(a) (b)

Fig. 15 - Comportement thermique et mécanique des selfs.

Dans le cas des approches compatibles: la microélectroniguepmme cellgproposée dans
ce travalil, ilparaitplus efficace d'utiliserles outilsdéja disponibles pour la&onception de circuits
intégrés pour développer aussi bien la partie électronique que la partie micro-usinée.

Méme si il y a des certaines différencks ledlot de conceptiordescircuits intégrés et des
microsystemes, le grand nombre d’outils et d’environnement de conception justifie la réutilisation de
modulesdéjadisponibles afides lesadapter auxnicrosystémes, alieu de tout refairg23]. Il est
évident, alors, que ces nouveaux modules doivent étre compatibles avec les environnements existants
Afin de réussir untel objectif, le laboratoirdlIMA et la compagnie MentoGraphics ontcommencé
ensemble un travail de recherche et de développeataast ledomainedes outils deCAO pour les
microsystemes, dont quelgues uns seront décrits dans ce chapitre.

La vérification de régles deessin pour la&onception de composants électroniquemieto-
usinésdoit se faire simultanément, est-a-dire,inclure les reglegpour les microsystémes dans
I'ensemble de régledectroniques déjfournies par ldondrie. Pourtant, ifaut remarquer quéans
I'approche présentéii, certaines couches du layoobmmeles ouvertures dans la passivation
doivent respectedes regles différentes seldeur utilisation sur les plots métalliques ousur les
ouvertures pour le micro-usinage. Pour celanddlleur stratégiest 'adoptiond'une couche fictive
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(‘open area’) qui représente simultanément toutes desertures pour le micro-usinage, et qui
normalementorrespond a degiolations des regles delessins dans lpartie électroniqueCette
couche fictiveest aussi tregtile dans les cas des générateurdageut et simulateurs dgravure,
présentés par la suite. La conversion de la couwpea area’ aux couches réelles de fabrication (toute
les ouvertures de diélectriques superposées) est raal@mdatiquement juste avant I'envoi du layout
pour la fabrication.

Des générateurs de layout ont été développés en utilisant le langage de programmation Ample,
spécifique a I'environnement Ment@raphics. En fait, ceangagedispose de toutes le®emmandes
d’édition de layout normalement utiliséns lemode interactif. Decette facon, lelayout d’'un
composant d’urtircuit peut étre automatisé et définit & partir de certains paransgsss au choix
du concepteur.

Ces générateurs sont divisés en trgioupes : les structuresélémentairespour les
microsystemes comme les membranes, les ponts et les poutres; les composants micro-usinés pour le
applicationsspécifiques,commepar exemple, les détecteurs infrarouges et les bolometres; et les
composants électroniques disponibldans la technologies PML HEMT (transistors, diodes,
capacités, résistances et inducteurs). Le principal avantage de I'utilisation des générateurs de layout es
I'optimisation du temps de conception et I'adghportée aux concepteurs en microélectronique qui ne
sont pas familiarisés avec les structures micro-usinées.

Chaque générateur présente en général tigaes de variables qui peuvegtre définis par
l'utilisateur : les arguments les pluurants,commeles valeurs électriques du composant et les
principales dimensions dayout; et les variables associées a la technolelifgenéme,comme les
dimensionsminimales et les parametres mifaut. Lapremieresorte devariable est définie a partir
d'une fenétre de dialogue gapparait au moment de l'appel du générafeoir Fig. 16). Le
deuxieme type de variable est responsable de la construction correcte du layout en pearapteen
les regles de dessins, et elles sont décrites a partir d'un fichier texte (ASCII) qui est clnaogéeat
du démarrage de I'environnement Mentor.

Des outils pour la visualisation du layout en deux et trois dimensions éiét aussi
intégralement développés en langage Ample (voir Fig. 17). Le visualiseur de coupe utilise une fenétre
d’édition de layout dC Sation (module MentoiGraphics pour le dessin tkyout) pour construire
une vue en coupe du layout a partir d'une ligne de coupe définie sur lellayoéme.L’échelle des
dimensions des couches est respectée si le fichier de configuration est correctement décrit. De plus, les
commandes tC Sation sont évidement disponibles pour la visualisation de la vue en coupe générée,
commeview_area, view_all, zoom in, zoom out et d'autresCet outil est intéressanbn seulement
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pour l'llustration du layout, maisaussi pour servid'interface graphiqueour certains simulateurs
physiques et électriguespmme ilest démontréplus tard dans le cas dsimulateur de gravure
verticale.

PML AC-DO CONYERTER GENERATOR
AT DRI AE Process - R0 £ TIA-Ch
T
L-u'-|ln-i |l I'I.I.IH:ri-. T
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. ﬂ-l""l'l'-'-:l'.""lll--
—O Y )

Fig. 16 - Générateur de layout pour les thermopiles.

Un outil pour la visualisation du layout en trois dimensions est aussi dispabébleutil, en
fait, estplutét un interface quprend les coordonnées du layout en deux dimensioapuwe les
épaisseur des couches pour sa visualisation en trois dimensions avec un logiciel apprimgigelCe
pour lavisualisation en 3D peut étf@eomview, X3d ou AnsysAvec Ansys onpeut doncpasser
directement du layout au modele FEM en 3D.

En plus des générateurs et des visualiseur de layotrpiseeme type d’outils de CAO
développésont des outils pour Mérification de la cinétiqgue dgravure.Dans un premietemps, le
diagramme polaire de vitesse de gravure peut étre géagséundenétre dC Station Les résultats
de cette génération sont utilisés par le simulateur de gravure anisotropique ACESIM développé au sein
du laboratoire TIMA.

Dans certains matériaux comnidsGa et I'InP, les solutions de gravure anisotropique
présententdes différences de vitesse de gravure des ptaistallographique beaucoup moins
accentuées que dans le cas du siliciommerésultat, les formes finaleges régions gravées vues
de la surface du substrat ne sont pas lbsd'un comportemenisotropique. De plusguand on
considere des motifs de gravure avec des formes circulaires, un simulateur comme ACESIM, basé sur
la méthode géométriqu4], dépense un temps dmlcul beaucoup plusmportant a cause de
I'apparition et de la disparitiod'un grand nombre de faces (plans cristallographiqueduaet a
mesure que la simulation progresse. Pour cela, un simple agrandissement desamanches’, en
prenant en compte le temps de gravure, donne déja des résultats assez satssfa@amgsréduction
du temps de calcul. Udes avantages deet outil est la visualisation préliminaire et rapide de
I'influence de la gravure sur la partie électronique.
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Fig. 17 - Visualiseurs de layout en trois dimensions (3D).

Par contre, unsimulateur en deux dimensions du tygeACESIM ne donneaucune
informationsur les profilsverticaux degravure.Cela peutparfois masquer les mauvais résultats du
micro-usinage. Dans le cas du silicium, des morceaux de substrat péeesricorgorésents en bas
des structuresnéme si apartir des résultats dsimulateur desurface,ces structures sordéja
totalement libérées. Dans le cas de I'AsGa, ce facteur est encore plus important quand une structure dt
type en pont triangulaire, présente dans le Chapitre 3, est envisagée.

Une méthode géométrique qui permet dalcul du profil vertical de gravure en deux
dimensions a&té implementé en Ample etilise le visualiseur de coupeour afficher ces résultats
[25]. Cependantgettesimulation estimitée aux directions de coupe ou les données de vitesse de
gravure sont disponibles. Une base de donnée compléte des vitesses deoffraaitr&a possibilité
d'utiliser ce simulateupour n’importe quelledirection. Untel effort justifie plutot le développement
d’un simulateur en trois dimensions. Un exemple de résultat donné par ce simulateur depgravure
le profil vertical est montré dans la Fig. 18.

Tous ces outils peuvent étre configurés pour n'importe quelle technologie etéfe mégres
dansl’environnement MentorGraphics,avec le développememtes menus spécifiques pour eux
(partie microsystemes), illustrés dans la Fig. 19. Dans le cadre de ce travail, on estnesi@uatde
la conception dulayout. La partie de conceptiorcorrespondant au niveau de la description
schématique, simulatioHDL-A et le passage dachématique au layout (SDL) faussipartie des
objectifs du TIMA.
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Fig. 18 - Simulateur de gravure (2D) pour le calcul du profil vertical de la région gravée.
Chapitre 7 - Conclusions et Perspectives

Les objectifs decettethése onteté atteints. Lafaisabilité des composants micro-usinés en
utilisant des technologies standards$es circuits intégrés en AsGa été démontrée.L'étude de
certaines applications potentielles a servi principalement a clarifier I'intérét de cette approche.

Plusieurs solutions de micro-usinage présentées déitiériureont ététestées a cpropos.
Cependant il faut beaucoypus detravail d’expérimentatiorpour bien maitriser la cinétique de
gravure et pour connaitre avec précision le coefficient de sélectivité de 'AsGa par rd@tAs,
obtenue avec certaines solutions. Mais ce travail supplémentaire doit impérativement se faire au niveau
du wafer et avec la collaboration du fondeur.

Les caractérisations mécaniques et thermigesscouches sont aussi tiggportantegour le
développementlesapplications commées capteurs de pression et de température. Par coelae,
doit étre fait spécifiguement pour chaque technologie envisagée. Mais, tout ces efforts ddaient se
si l'intérét pour les microsystemes en AsGa reentre suffisant pourjustifier I'utilisation d'une
technologie plus chére que le silicium.
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Fig. 19 - L’environnement Mentor Graphics pour la conception des microsystemes.

L’intérét pour les capteurs thermiques en AsGa est souvent signalé ditiésatare erraison
de la grande résistivité thermique de ce matériau, ce qui conduit a la construction de corapesants
une plus grande sensibilité. La possibilité de suspendre des compéssuiteniques actifs
(transistors et diodegleut étre exploitédans différentes applications. [Péus, laconstruction des
thermocouples s’estnontréepossible dans laechnologie PML HEMT et prometteuggour les
capteurs de puissance en micro-ondes.

Les composants passifs pour 'opération a haste fréquence représente s principales
contributions scientifiques apportées pattethése.D’excellents résultats orété obtenusavec la
nouvelle structure de self utilisades lignes suspendues séparéme€ette structure aété utilisée
aussiavecsucces dans lkeonceptiond'un transformateur en configuratidiil. En plus,une étude
mécanique et thermique a complété cette partidrdestigationafin de démontrer la faisabilité de ce
genre decomposant. Par la suite, phrait évident dgasser auxircuits micro-ondes qui peuvent
profiter de cette amélioration apportée.

Il'y a encored'autresapplications potentiellegour lestechnologies AsGa et les composants
micro-usinés qun‘'ont pasété vraimenetudiées. Un borxemplesont les capteurs de pression et

ORenato P. Ribas - TIMA XXVi



Presentation Etendue de la Thése

d’accélération en utilisant I'effet piézo-électrique de I'AsGa [26]. Le principale avantage de ce type de
capteur est la tres faible consommation électrique.

On pourrait penser aussi @omainedes circuits et capteursptiques,mais il sembleplus
logique de faire cet effort sur un procédé des circuits intégrés comportant des sourcdgtectigss
de lumiere, ce qui n'est pas les cas de PML HEMT ni de Vitesse MESFET [27].

Les technologies HEMT se montrent également efficpoes la construction des composants
a effet Hall (capteur magnétiqup)8]. Méme si ce nesont pasvraiment des composantmicro-
usinés, ils ont leur place dans des microsystemes monolithiques multifonctions ou phasiesrsie
capteurs sont intégrés sur la méme puce.

D’une part, comme résultat a cgavail, le service CMP de prototypage de microsystemes
dispose aujourd’hui d’unéliere AsGa compatible avec la technologie PMHEMT. D’autre part,
I'ensemble des outils de CAO, présenté da@hkpitre 6, esaussi disponible auglients du CMP
au travers dkit pour la conceptiondes microsystemesMEMS Engineering Kit'). Comme les
travaux de caractérisation du micro-usinagd'ietzestigation des applications,développement des
outils de conception dEIEMS est loin d’étre &on terme. Emparticulier, un des premiers efforts a
faire dans l'avenir est de développer un simulateur de gravure en trois dimensions.
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ABSTRACT

The increasing interest in microelectromechansyatems(MEMS) nowadays is due to the
samereasonghat guaranteed the digital integrated cirdl@) success irthe lastdecade, such as
miniaturization, design flexibility, volume manufacturabilitgliability and reproducibility. Besides
the low cost andmature silicontechnologies,alternative materials havelso been targeted to
applications where silicon isutperformed. Particularigallium arsenidgGaAs) seems to be very
promising since piezoelectric, piezoresistive aptical effects can bexploited, as well as high-
temperature and high-speed electronic circuit operation are possible.

In this thesis, a front-side bulkicromachining approach compatiblgth standard GaAs
microelectronics technologies is investigated collective fabrication oflow cost, high volume
microsystem applications. Free-standing structames easily releasethrough a maskless post-
process wetchemical etching, with nomodification in the ICfabrication, nodamage in pad
metallization and passivation layers, and no influence on the unconcerned electronic parts.

Initially, several etchingsolutionshave been studied arwharacterizedor micromachining
purposes irterms of preferential or anisotropatching,selectivity of GaAs with respect t&\lGaAs
layers, possibledamage onsubstrate surface layerand the differentetch ratesfor specific
crystallographic directions. Next, potential micromachined devices compatible with such approach are
evaluatedfor sensors,actuators, and microwave applicatioi@pecial attention is given to GaAs
thermocouple-based devices, ergicrowavepower sensorsand suspendeplanar spiral inductors
and transformers, which present numerous advantages with respect to standard structures because c
a significant reduction in parasitic capacitive effects and associated losses. Finally, @ABttobls
related to layout levetlesign, such as cross-sectiand three-dimensional layowiewers, layout
generators, bulketching simulatorfor vertical profile, and an operarea converter have been
developed within the Mentor Graphics environment.

Keywords :microsystem, gallium arsenide, micromachining, thermocouple, ptuiial inductor,
CAD tools.

“A science is driven by people’s excitement about learning...”
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Chapter 1
INTRODUCTION

“Do small things have a grand future?... Ten years ago, a colleague at Bell Laboradtaries
me in theeye,and saidYour microthings willnever amount t@anything.Large objectswill
always do a better job at a lower cost’. This was very strongly the feeling at this Timegs
insignificant in size do have a grand purpose.W. Trimmer [1]

Contents
1.1 MEMS Technology 2
1.2 Gallium Arsenide Semiconductor 2
1.3 Motivation and Objectives 3
1.4 Thesis Structure 4
1.5 Summary 5
References 5

ORenato P. Ribas - TIMA 1



Maskless Front-Side Bulk Micromachining Compatible to Standard GaAs IC Technology Chapter 1

1.1 MEMS TECHNOLOGY

The increasing interest in microelectromechangyatems(MEMS) nowadays is due to the
same reasons that guaranteed the digital IC success in the last years, that is, reliability, reproducibility,
design flexibility, miniaturization, performancdabrication cost at largesolume, and so on.
Moreover, monolithic approaches that integrate electronic and mechanical blocks on the same chip are
preferable rather than hybrid ones mainly in order to reduce interfacing losses.

The successfufabrication and operation of microactuators amdromechanicaparts by IC-
basedmicromachining technology enabled the realizationMEMS. Althoughthe small size of
mechanicacomponents of a system is a very distinctive feature of this emeghgology, it has
other,maybe even more attractive, featusegch asmultiplicity and integration of microelectronics

[2].

According to Ernst & Youngstudies [3],the world microsystems markethat represented
U$ 12 billion and 1.3 billion of units in 1996, is expected to grow to U$ 34 billion anbiilsofh of
units until 2002. The pressure sens@nd accelerometesensor (1 axismarkets present today a
growth of 18% and 15% peyear, respectively. Moreovethe market ofnew micromachined
devices, such as micro-optics, projection vahagi-collisionsystemsairbag inflator andgwitches,
linear and ultra-sonic micromotors, injectinnzzles, andathers,will grow from 60million of units
(U$ 310 billion), in 1996, toone billion of units(U$ 1.6 billion), in 2002. The main areas of
interest are the automotiviedustry, telecommunicationsmedical and biomedicalapplications,
although instrumentation, process control, aeronautic, and many other sey@iso profit of this
revolutionary technology.

Silicon is themost commonlyusedmaterialfor micromachining because thwocess isvell
established, it has goadechanicaproperties, andnhtegration of electronic andensor(actuator) is
possible. Howeveralternativeand promisingmaterials havealso been investigatetbr specific
purposes where silicon is outperformed.

1.2 (CALLIUM ARSENIDE SEMICONDUCTOR

Gallium arsenidgdGaAs) semiconductor hascentlyrisen from obscurity taechnological
wonder. Since thefirst MESFET (MEtal Semiconductor Field Effectransistor) was proposed in
1966 andthe first HEMT (High Electron Mobility Transistor) wasdemonstrated 1978 by Bell
Laboratoriesthe industry hasvolved and changed ovére last 30years and hafinally escaped
from its designation as the ‘technology of the future’ [4].
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The emergence of the digital cellujgmonemarket because of tf&SM standardnarked the
advent of widespread use of GaAs semiconductors. Since 1994, the GaAs industry has lgastn at
25% each year, reaching over U$ 1 billion in 1996.f&ythemost rapidgrowth area inGaAs has
been the analog sector, which includes discrete, IC and hybrid modules.

In terms of theGaAs substratethe market of semi-insulatinGaAs wafers for wireless
applicationshas grown from3 million squareinches (MSI) in 1994 to oveb MSI in 1996, a
compound annuajrowth rate (CAGR) of 29%. The GaAs wafer industry i€xpected to produce
8 MSI by the year2000, aCAGR of 32% since 1995 [5]. The biggestissue concerning the
worldwide production of GaAs substrateghe availability ofraw materialspnamely galliummetal
and pure arsenic. The monopoly that Rhone-Poulenc has for gallium metal production andtibe fact
it is trying to reduce availability and drive prices up by mothballing its Australian operation is one of
the main reasons for the high cost of GaAs technology.

Analog GaAs devices will continue to play a significant role in digital communicatigsiems
because of the peak power, supply voltage and signal distortion requirements. On thanathéris
quite obvious thatligital GaAs circuits have alsmade a comebadkom the depths of obscurity, in
the form of one companyhathasemerged as the market leader : ViteéSseniconductorThe three
major areas of opportunity for digital GaAs are SONET, Gigabit Ethernet and Fibre Channel.

In the case of competing technologies, some materials and IQrocesses, such asicon-
germanium(SiGe), graded-channel CMOG5CMOS) and ‘double polysilicorprocesseswill start
to carve away at the GaAs market, especially for low-tier applications such as cordless handsets in the
1 to 2 GHz frequency spectruni6]-[9]. However, each successive wirelessommunication
application increases iftequency, whichcreates more opportunifpr GaAs and less for silicon.
Moreover, supply voltagewill continue to decrease 8 volts and eventuallyjdown to1.5 volts,
making also GaAs transistors even more interesting than silicon ones.

1.3 MOTIVATION AND OBJECTIVES

As a sensor material, GaAs possessany interestingroperties.These include weknown
properties such aslirect band gap transition and high mobility electrons. GaAs also has
piezoelectrigproperties comparable withose of quartz, and it exhibits a stropigotoelastic effect
leading to birefringing andconsequently, for example, aoptomechanical polarizatiorffect.
Moreover, various physical effectgive higher piezoresistive values than those silfcon.
Furthermorethe maximum value of the thermal resistance in the closely related AlS§esfem is
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much higher tharthat of silicon. Finally, GaAs is considered to be a gaudterial for high-
temperature electronics due to its large band gap.

Another important feature of the IllI-V technologies is the possibility of fornsmgpatible
ternary and quaternary compounds by alloyldging GaAs ashe substrate materiathe formation
of AlxGa-xAs is especially attractive, since their lattice constants are neguilgi, andaluminum and
gallium atoms are easily substituted in tice without causing too much strain in thien. Today
the epitaxy techniques have matured dmath high-quality MOCVD and MBE epitaxy are
commercially available.

In this work, a GaAs micromachining approammpatiblewith microelectronicprocesses is
investigated.Commercial technologies have beesed tobuild suspended structures through a
maskless front-side bulknicromachiningtechnique. A post-process wetching is added to the
conventional IC process, without modifying the standard fabrication procedure and wifluece
on the unconcerned electromparts. It seems to khbe fastest and cheapegiy todevelop MEMS,
since electronic andhechanical devices are allowed on the sah@ and they can be fabricated
through multi-project wafer services beside purely electronic ICs [10].

In terms of GaAs MEMS, little has been done in the wexldn if itsattractiveand promising
features seem to bebvious. This work represents pioneering research with respect to GaAs
micromachiningbased orcommercial ICprocessesThe main goal is t@rovide a comprehensive
description of GaAMEMS design,including the characterization of suitable etchgajutions, the
study of related potential micromachined devices aagplications, the development of
micromachining design rules and CAD tools for layout construction.

1.4 THESIS STRUCTURE

At the beginning, Chapter 2 outlines some used definitions. A brief review of &edonic
and mechanicalproperties as well as th&aAs micromachining techniquesre given, before
introducing the approach adopted herein. Chapter 3 desthidbebaracterization of th@st-process
etching. Selective and preferentiaolutions have been taken into account ander to obtain the
different structures proposed in this work.

In Chapter 4, thermdasedmicromachined devices are investigatecoider to demonstrate
the advantages of the intrinsic GaAs properties and characteristics with respect tdeehatelbgies.
Among them, thermopilestructures, to builde.g., microwave power sensorsseem to be very
promising due tdhe high Seebeck coefficient artlermal resistivity ofGaAs material.Next, in

ORenato P. Ribas - TIMA 4



Maskless Front-Side Bulk Micromachining Compatible to Standard GaAs IC Technology Chapter 1

Chapter 5, suspendedmicrowave passive deviceare evaluated by theoreticanalysis and
experimental results. Microstrip transmission linganar spirainductors, transformersnterdigited
capacitors, Lange-couplers and many others show a significant improvement in performasey by
this technique.

Chapter 6 presents sor@&D tools related to the layout levelesign and developed on the
Mentor Graphics environment, extending it MEMS design. Suchset of tools includedayout
generators, crossection and three-dimensional layaugwers, converters from opearea to real
layers andvice-versa and two-dimensional etching simulatds surface andvertical profiles.
Finally, in Chapter 7, the conclusions and future perspectives are presented.

1.5 IIMMARY

In summary,the increasing interest IMEMS is leading researchet®wards the study of
alternative materialsvhich can show animproved performance with respect to silictor some
application. GaAs is nowadays a mature technology and appears to be very uddiifedesign
due to its particular micromachining characteristics and phyfgaalires, such gsezoelectricity and
large bandgap. This thesis includeshe characterization ofsaAs etching,the investigation of
micromachined devices and the developmer€AD tools in order to provideéhe basis forfuture
developments in GaAs MEMS design using industrial IC production lines.
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Chapter 2
GaAs MICROSYSTEMS TECHNOLOGY

The nomenclature used in this work is defined. Moreover, a brief reviéve GlaAs physical
properties and theesponse mechanisnassociatedwith micromechanical structures &lso
outlined. Special attention igjiven toparticular GaAs featuresand comparison to silicon in
order toemphasize thesal interest insuchalternative materialFurthermore, the state-of-the-
at of GaAs micromachining techniques is alsdescribed, before introducing the
microelectronics compatible micromachiniagproachinvestigated hereinwhich seems to be
the most efficient way to MEMS designtérms of time-to-marketabrication cost, volume
manufacturability and electronic compatibility.
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2.1 [EFINITIONS

Whatone means by ‘emerging’ technologies dependshenviewpoint andVIEMS are not
really all thatnew. MEMS pressure sensorappeared beford960. In Asia,the termused is
‘micromachines’, while irEurope, it tends to be ‘microsystems’. the USA, what began as an
acronymfor ‘MicroElectroMechanicaSystems’(MEMS) remains the dominamgrm. It is noteven
frequently capitalized anymore, nor is it restricted to microelectromechapigltations. In fact, the
term MEMS also denotegshe process by whichthe actual device igabricated. ‘Microsystems
Technology’ (MST) is the overaliliscipline, and isnow considered a subset obnventional
integrated circui{lC) manufacturing since most often currdMEMS processesire compatible with
IC fabrication [1].

The increasingly eclectic field of MST can combine any number of dawictions including
optical, chemical and biological, as well as mechanical and elec@irakhould beaware of thefact
that thedifferences in nhomenclature can result in magk&tections.MEMS is themost restrictive
term (i.e., the process ofcreating thedevices), ‘microsystems’ ighe broadest term, and
‘micromachining’ is considered the magdementalword, but alsothe most inclusive Whatever they
are called, the devices produced by the discipline are very small¢nitithl dimensions of lesthan
1 mm, and they tend to be amazingly complex, including ‘intelligent’ features.

By definition, herein,micromachining’corresponds tthe fabrication methodised tobuild
free-standing structures, while ‘microsystems’ MiEMS refer to the integration of micromachining
and microelectronics. It could be represented by a hydystiem,that is commonlycomposed by
different dies containing separately micromachinededecdtronicparts, or by amonolithic version,
whereall the system isimplemented on the samBe. Nowadaysmonolithic solutionshave been
widely investigated in order to reduce even mihe final system dimensions anithe associated
interfacing problems, resulting, consequently, letter compromise betweelesign andabrication
costs, performance and reliability.

As in IC processessilicon also representhie most typical materialfor monolithic MEMS
design [2]. However, the wide bandgap&zoelectriceffects,optoelectronic compatibility and other
features of somalternativematerials,like GaAs, quartz, InP, Si@nd diamondwill also play a
critical role in the future oMEMS as theprocesses andevicedesignsbecome morgopular,since
the intended operational environments for MEMS devices are considerably more harsh and demanding
than silicon can properly service. Particularly, in thisvork, GaAs is presented as a
microelectromechanical technolognd investigated in terms of etching characteristics panential
applications.
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2.2 GaAs MATERIAL PROPERTIES

Before describing the micromachining techniques and in particular the approach adopted at
TIMA laboratory, the GaAs properties are briefly reviewed. The use of a more expensive material, as
GaAs with respect teilicon, is onlyjustified for applications which profit f itadvantagesThus,
special attention is given to such features and characteristics, and a comparison to silicon properties is
also outlined. Additional information about the basic physical properties of GaA&l@ads ternary
can be found in the reviews published by J.S. Blakemore [3] and S. Adachi [4].

2.2.1 Structural and Electrical Characteristics

GaAs and many other IllI-V compounds present the zinc blendspliaierite) crystallographic
structure which is made up of two face-centered cuac)sublattices displaced by a vectom,1/4,
1/4), as illustrated in Fig. 2.1. Omec lattice is made up entirely of Ga atonasd the otheentirely
of As atoms.Unlike the crystal structure oélementalsemiconductorsthe compounds IlI-V
semiconductors exhibit a certain deviation from inversion symmetry. In the c&spAsf this can be
seen as a tendency of the electron clouds to shift tovlad&satoms,resulting in a dipolenoment
along the [111] axis. Consequently, a hon-vanishing piezoelectric coefficient, a fracture toughening of
{111} planes yielding {110} as the primary cleavage plareey] theopposite pairs of “Ga-rich” and
“As-rich” planes formed by the eight {111} planes are observed.

[010]
As
O Ga
O/ ©
O
o » [100]
s A
[001]

Fig. 2.1 - Conventional unit cube for GaAs (zinc blende crystal structure).

Because of higher electron mobility and higher peak electron velocitysili@on, and due to
the semi-insulatinggubstrate characteristics, GaAs has for a lomg been consideredor high-
frequency electronics, such as monolithic microwave integrated ci(MitdC). Moreover, itslarge
and direct bandgap isseful to high-temperature operation amdo-electroniccircuits, respectively.
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However, althoughcommercialGaAs IC processesre already availabléor digital and microwave
applications, such more expensive material still presents higher defect densities than silicon.

Table 2.1 summarizes some structural aaldctrical characteristics. Note thathe crystal
density of GaAs is twice higher than the densitwgit€on. It is ofgreat importancéor mechanical
behavior of devices in, for example,. acceleration and resonant applications.

TABLE 2.1 - Structural and electrical characteristics.

GaAs silicon
Crystal structure (space group) zinc blende3(d) diamond (m3m)
Lattice constant (A) 5.6533 5.4311
Crystal densityp (g/cn) 5.3165 2.3290
Bandgap energ¥eg (eV) 1.424 (direct) 1.12 (indirect)
Low-field electron drift mobility (crd/V.s) 5000* 800"
Peak electron velocity (cm/s) 1.7 x 10 6.5 x 16 ™
Dielectric constant 12.6 11.8
Substrate resistivitycy.cm) 10 to 18 low

*Np = 10t7cm3,™ E = 3.5 kV/cm and N = 10t7cm3, ™ E >> 10 kv/cm.
2.2.2 Mechanical Endurance and Elastic Properties

Thoughthe defect densities are still highler GaAs than for silicon, from amechanical
viewpoint they have reachedcceptable leveldor many applications. Since GaAs is a single
crystalline material, it exhibits an elastanisotropy, described byhe stiffness matrix aj (see
Table 2.2). Many of the basic mechanic equations include the elastic modulus (the Young's modulus)
and the Poisson ratio, which are both orientation depenteatelastiomodulus is abou80% lower
for GaAs than for silicon, which for example means a rod of otherwise the same dimensions needs an
11% increase in thicknes$or the same bendingtiffness. The resonant frequency islirectly
proportional to the elastic modulus.

Moreover, being GaAs arittle material at hormabperating temperature, it will deform
elastically until brittle fracture. The fracture strengthis proportional to thenaterialconstantritical
fracturetoughnes¥c, andlimited by thelargeststress concentrationg., often the largestlefect.
Consequently, the risk oflarge defect is reduced and the chance to buditfamg structure is risen
by reducing the mechanical active volumes. The shape of a defect is of minor importance if the size of
the defect is as small as comparable to the fracture process region.

The average fracturstrengths forthe GaAs and siliconmicromechanical cantilever beam
structuresare 2.7 and 7 GPa, respectively, showinghat silicon is astronger materialHowever,
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since construction steels normally fracture bellow 1 GPa and deform at everstozesesproperly
micromechanical structures of GaAs may still be considered as high-strength structures.

Furthermore, a brittle material may deform plastically at the surface due to surface contacts. At
high loads, this will lead to fracture and shattering of the materialh@tdness of GaAs is 7, and at
temperatures abov@ 35 Tm (melting point) both silicon and GaAgcomesomewhat ductile. This
cause a rapid decrease of the hardness for GaAs above 250°C, and this may be of importance in high-
temperature applications.

Finally, in very thin structuresthe internal stresses in heterostructuretye to thermal
mismatch of high-temperature processes, may cause some buckling, but generally this should not be a
big problem. Ifthe buckling is too severe in aggse, it is possible toreateheterostructures with
hardly any buckling, combining different layers of AIGaAs and GaAs.

2.2.3 Thermal Characteristics

The Debye temperatug is a useful parameter in solid-state problems because of its inherent
relationship tolattice vibration. The parametefp can beused incharacterizing the excitation of
phononsand to describe variouthermal phenomena, such aspecific heatand lattice thermal

conductivity. The heat capacity or specific heat of gwid is one ofthe most essentiathermal
parameters. The heat capadcilyfor GaAs is 0.35 J/(g.K), while for silicon is 0.71 J/(g.K).

On the othehand,the thermal resistivity of 1ll-Vcompounds habeen thoroughlystudied,
being an important property to consider time design of power dissipating devices, such as
transistors, diodes, and semiconductor lasers. Moreover, it is also necessalcylating the figure
of merit for thermoelectricdevices,e.g., Peltier and Seebedtevices. In principle, when karge
number of foreign atoms is added th@stcrystalby, for example, alloyingthe thermal resistivity
increases significantly.

The thermal resistivityV as a function of composition in the y8a.1As ternary system is
given by the equation :

W(x) = 2.27 + 28.83x - 30k (2.1)

Thus, the maximum value is 9.2°C.cm/W at a composition of x=0.48, as shdvig. id.2a.
This is more than 14 times higher than that of silicon. Alsothteemal resistivityfor GaAs increases
rapidly with temperature.
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The cubic nature of the sphalerite structilerdows GaAs with arsotropic expansivity. The
volume expansioroefficient and the lineaexpansioncoefficient vary insign andmagnitude with

temperature in a complicateay, not discussedherein[3]. The linear thermagxpansion of GaAs is
6.0 ppm/K. Fromlinear interpolation oknown data on the thermaxpansion for AlGac-1As, a

linear relationship with the composition is suggested with 4.2 ppm/K for AlAs.

TABLE 2.2 - Thermal, mechanical and optical properties.

GaAs silicon

Melting point Ty, (°C) 1238 1413
Specific heaCp (J/g.K) 0.35 0.71
Thermal resistivityw (K.cm/W) 0.64 2.27
Thermal expansion coefficient;; (106/K) 6.4 2.6
Debye temperaturép (K) 370 463
Seebeck coefficientr (LV/K) - 300 + 100-1000
Young’s modulus for <100> (GPa) 85 190
Fracture toughness;c (MPa.n2) 0.44 0.9
Fracture strengtloy (GPa) 2.7 7.0
Hardness Hv(100) (GPa) 7 10
Stiffness constants (GPa)

C11 118.8 165.6

C12 53.8 63.98

Ca4 58.9 79.51
Elastic compliance constants (19Pa)

s 11.7 7.7

S12 - 3.7 -21

Sua 16.8 12.6
Piezoelectric coefficientd (pm/V) - 2.69 0
Electrooptic coefficient (pm/V) 1.4 0
Photoelastic constants (GPa)

P11 — 0.165 -01

P12 - 0.14 0.009

P44 - 0.072 - 0.11

The change of elasticityith temperature changéise output ofmost sensorand actuators.
For examplethe change in resonance frequency of a defatlews directly fromthe change of
elasticity and dimension. This is onetbé mainreason whyquartz isused as &eference resonator
with extremelylow temperaturelependence, since in some crystal directitbeschange of elasticity
and dimension cancel each other influence. In silicon and GaAs this is not possible.

Finally, the Seebeck coefficient is responsibletiigr thermocouple generateditage,applied
as a basicelement in several micromachinedlevices. The Seebeck coefficient oGaAs is
S=-300 pV/K, while for n-doped A{Ga-1As the maximum value is close ©=—670 um/K
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(x=0.45) at the change of direct to indirect bandgap. Additiondiéy Seebeck coefficient is higher at
reduceddoping. Polysilicon and theBi-Sb-Te alloy,commonlyused toimplement micromachined
thermopiles, are weaker from this point of view.

10 2.4 |
r L
8 22 |- B
X
’;‘ >
2 6 L 20 |- -
5 S
g Q 18 DX .
= )
2 1.6 [~ -
o ! ! ! ! 14 ! ! ! !
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(a) (b)

Fig. 2.2 - The lattice thermal resistivity (a) and bandgap energies (b)as a function of composition in the
AlxGax-1As alloy [5].

2.2.4 Response Mechanisms

GaAs offersseveral meandor detecting various external stimulisuch as temperature,
pressureaccelerationetc. Compared with silicoramong the interesting features GaAs as a
mechanical materiahne can list the possibility of integratirgptical active elements monolithically
and its piezoelectricity. Some diie most promising responseaechanismsor micromechanical
sensors are briefly described below [5].

Piezoelectric response— Though not frequentlyused, the piezoelectricresponse of
GaAs is an attractive feature. It givib® possibility ofactivating motiorusing anelectrical field and
of detecting motion byound chargegenerated by mechanicsiress.The piezoelectric effect of
GaAs is close to that of quartz, and may excite any vibration mode used in quarfardpgecrystal
orientation is observed. Other advantages wiézoelectricity are negligible thermgtadients due to
the low activation power (of the order p¥Vv), and the possibility of detectingery smallmechanical
amplitudes.

Piezoresistive response— In GaAs, the physical mechanisms that changereébestance
due to an applied stress are different from thosslicbn. Oneresponsenechanism is thebserved
mobility change due to the change of the electron effective mass with pressure, in direct bandgap IlI-V
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compounds . Another is apressureinduced transfer of electrons frothe high-mobility bandgap
minimum ™ to low-mobility minima X or L, due to a change of thesfativeenergy (sed-ig. 2.2b).

A third response mechanism is the pressure induced freezing of electrons to deep levelstafesity

DX. The fourth one is somewhat different frothe others, usingthe stressgradient induced
piezoelectric bound charges to change the resistivity in a diffused resistor. Piezoresistive gauge factors
up to 500are obtainable in the gBa..1As systemwhile typical values in silicon microsensors are
50-90.

Thermoresistive response— The thermoresistiveresponse isoupled to the charge
mobility. Therefore, it is very sensitive to how the semiconductor is alloyedhangsulting change
of band structure. If dopantseused,the response is vergependent on the degreeduping. For
undoped semi-insulating material, a resistivity changdmf= 1.7x1® e17/12Q.cm for T in the
temperature range 10-70°C, indicates a resistaityp about 75 times larger than th&r Cr
compensated ovethe temperature range 20-200°@Qp(= 2x1® eT/17Q.cm). This may be
essential for piezoelectric applications.

Piezooptic and direct bandgap responses- The piezoopticresponse is due to the
fact that externally applied asymmetric stress changes the @ystaietry, andhereby the refractive
indices of the crystal. For example, if the otherwise optically isotropic GaAs is exposedri@aal
stress,the crystal becomdsirefringent. Orthe otherhand,the dependence of the direct bandgap to
external stimuli may be directly measured in terms of the wavelshgfthof the photoluminescence.
To obtain a high photoluminescence activitye crystalshould be highlydoped,and preferably be
designed with confinement layers of, for examplgGa-1As to gain a high quantum efficiency.

2.3 GaAs-B\SED MICROMACHINING

A great number of micromachining techniques have already been develo@a®r such as
selective etctstops forhetero- and homostructures of varyielgctrical properties,sacrificial layer
technigues with etch rate selectivities abov& 40d dry and wet etching for isotropic and anisotropic
shaping.Theseprocesstechniques maké&aAs a possiblenaterial of choicefor micromachined
structures, andogether with itsmechanicaland physical features, anteresting possibility for
micromechanicahpplications. Basicallythe micromachining techniques dvased on two factors,
thatis, the selective characteristic of etchisgjutions associated with heterostructures dachaged
layers,due to differenetch rates ofGaAs and itsalloys, and the unique profile presented by 1lI-V
compounds (zinc blende crystals), when preferential etching solutions are applied :

Selectivity — Selectivity isdefined as the ratio between the structumaiterial (slower
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etching) and the sacrificial material etch rate (faster etching) for a specific etetiaatfewsystems,
complete selective etching can aehieved, allowingeal etch-stop materials. Theost frequently
sacrificial wet anddry etchsystems used faill-V compound heterostructuremre presented in the
literature, as the reviewapers of K. Hjort [6] and S. D. Collirfg]. Note that, not onlydifferent
materials but different dopant concentrations and damaggins could alsaact asstop and
sacrificial layers, as described below in some microsystem fabrication techniques.

Anisotropic or preferential etching — The term anisotropic (preferential) etching is
usually reserved fothe selective wet/drychemical etching ofsingle crystallinematerial along
particular crystallographidirections.Due to the zindlende structure oBaAs, the etching of111)
crystal planes proceeds much melewly thanall others. Thereforespecific geometries depend on
the orientation of these (111) planes with respect to the surface and pa#atations. For example,
the triangular prism-shaped bridgecan be obtainedthrough anisotropicetching by placing
appropriately the etch masks [8]. This unique profile, not possible in silicon, is formed because of the
crystallographic polarity in somaxial directions, andhe differences between tletch rates of the
A{111} planes andhe otherdow-index planes. Othe otherhand,GaAs does not preserdal etch
stop planes, as observedsiticon by using, e.g.,KOH-based solutions, whodbe {111} planes
present etch rates up to 400 times lower than the other ones [9].

In terms ofmicromachiningtechnologiesthere ardwo ways tomanufacturenicrosystems :
to develop specifiprocesses to microsystentgnce suited to its speciequirements, or to use
processes that have been developed for microelectronics. In the second group, some paocbsses
targeted tamicrosystemsagain tomeetspecific requirements, whil®r others, it is possible to add
special process steps to accommodate microsystems within the electronic circuitry.

2.3.1 Microsystems Specific Fabrication Methods

The LIGA techniques and quartz micromachining are classical examplescrisystems
specific fabricationmethods.The LIGA (in German,Lithographie GalvanoformungAdformung
processutilizes deepX-ray lithography,electroplating and molding tmake thick microstructures
with high aspect ratifl0]. In contrast to orientation dependent etching of monocrystadiireon,
there are no restrictions in theross-sectional shape dhe microstructures.Micromachining
techniquedor quartz, in turn,are derivedfrom conventional methodssed inoptical engineering.
These techniques, diamomsdw cutting,lapping and polishing techniques, offer a higgree of
accuracy andinishing quality, butthey are not adaptefbr the design ofthe three-dimensioned
micromechanical devices, built using techniques suitable for high-quality mass production [11].
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In GaAs micromachining, some neechnologies have also beeeveloped, such as the
processnamed SCREAM I(Single CrystaReactive Etching And Metallizatiol), which includes
chemically assisted ion beam etching (CAIBE) and reactive ion etching (RIE) for vertical and undercut
dry etches, respectively [12]. Suspended and movable struaren@oduced with up to 25:1 aspect
ratio of vertical depth (10 um) tateralwidth (400 nm). SiN4 is used ashe etchmask, structural
stiffener and electrical insulator, while integrated actuators with predominantly vertical sif&)I
aluminum electrodes anesed tomove the structurdsee Fig. 2.3). However, the integration of
electronic devices, required for monolithic integration of MEMS, is somewhat compromised.

Fig. 2.3 - Fabrication steps of SCREAM-II process [12].
2.3.2 Microelectronics Compatible Fabrication Methods

The fabrication of microelectronics compatible micromecharstraictures, botlsilicon- and
GaAs-based micromachining, consists of addielgctive and/or anisotropic etchistgps (maskless
or with supplementary masking) tee IC fabricatiorflow in order toremove sacrificial layers from
the surface or some portions of the substrate material, keeping others suspended. Therefiane, two
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methods can bésted : bulk micromachining,whose structuresre etched in theubstrate, and
surface micromachiningyhosemicromechanicalayers are formedrom layers deposited onto the
surface. VLSI circuit integration, low cost and rapid delivery are some of the numerous advantages of
these microelectronics compatible micromachining approaches.

2.3.2.1 Bulk micromachining

Bulk micromachining relies orthe substrate etchingvells, leaving suspended structures.
Using this techniquedevices likemicro-hotplates, infraregources,thermal flat-paneldisplays,
thermopiles, channels for fibres afatce sensorscan bedeveloped. In bulkmicromachining two
approaches have been considered, that is, to realize the etchintpdrivont side and fromhe back
side of the wafer.

a) Front-side approach

In this casethe substrate isattackedfrom the surface ofthe die orwafer, either using
intermetallic and passivation layers as thask for post-process etching, or watiditional masking
adapted to the IC fabrication to create damaged or implanted layers for selective etching.

In the first example, the implantation of nitrogen into GaAs followed by subseguneealing
produces buried GaAsNy (y<x<1) layers, whiclareused assacrificial layersfor selective etching
of GaAs[13][14]. As illustrated inFig. 2.4a, a Si@ mask definegshe implanted region and the
buried N-containing is formed at a depth determined by the energy of the implantatich,
recrystallizes to a GaAsNy layer after annealind\ext, another SiQ layer isdeposed taletermine
the geometry of thetructure, andhen a non-selective etching is perfornaavn tothe implanted
layer. Finally, the sacrificial layer ofGaAs xNy is etched selectivelyith 1N NaOH solution,
leaving a free-standing structure of GaAs.

The secondexamplealso useson implantation tocreate damagedubstrate regionsBut,
unlike the firstly describetechnique, no annealing is performed ansekective etching ipossible
since the selectivity increases with the degree of damagetethisiquehasbeen applied byiao et
al. [13] to suspend §W4 structures by using KkiH20 (see Fig. 2.4b).

In the thirdexample, Uenishi et al. [15hbricates AlGaAs microbeams by removing GaAs
substrateamaterialthrough aselectiveetching, as shown iRig. 2.5. Inthe lastexample, front-side
bulk micromachining igealizedthroughpreferential or anisotropietching. Free-standingiangular
prism-shaped bridges have bdauilt for GaAsthermocouple applications hysing HSOs-based
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etchant [16]. Such kind of structure is discussed in detail in the next chapter, since it represents one of
the target structures investigated in this thesis.

L2 A S A N AR A A R A A A A ]

LN A T R A A 2 A R A T A A |

(a) (b)

Fig. 2.4 - GaAs bulk micromachining using implanted (a) and damaged (b) sacrificial layers [13].

Fig. 2.5 - Fabrication of AlGaAs microstructure using GaAs as sacrificial layer [15].

b) Back-side approach

The back-sidebulk micromachining commonly involvestopping on anepitaxial layer.
Additional masking on the back side and speahdinment techniques areequired. Moreover,
structures asmall assuchrealized byfront-side approacheare notpossible.Because of the high
selectivity of the GaAs/AlGaAsystem, it is possible tetch severahundredmicrometers of GaAs
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stopping at an exact depth, defined by a stop layer of AlIGaAs. This technique has been widely used to
build GaAs membrane®r pressure sensors [17][18]. shmplified description okuch a process is
depicted in Fig. 2.6a. Thieack side is covered by atchmask. Then, &ast unselective etching is
performed, followed by a slower selective etching, stopping at the AlGaAs layer.

Another method of constructing membranes from the back side consists ircosirg holes
that have been etched initially from the front side, being as deep as the required mémtkaess.
The back-side etching of the membranestispped wherthe front-side holesbecomevisible, as
illustrated in Fig. 2.6b. As a resuthe membrane can be thicker than thia¢ obtained bgelective
etch stop technique, but the homogeneity of this etching is not as good as in the first case [18].

(a) (b)
Fig. 2.6 - GaAs back-side bulk micromachining: (a) using AlGaAs as stop layer and (b) using control
hole technique [18].

c) Combined front- and back-side approach

A combined approach using front- and back-side micromachiningdeas presented byliao
et al. [14] tobuild acapacitivepressure sensor. lomplantation is applied to create tsaspended
SiaN4 diaphragm, whildhe GaAs membrane igalizedthrough a back-sidselective etchingising

AlGaAs as stop layer, accordingttte technique described abogeeFig. 2.7). The AlGaAs layer
acts also as the dynamic electrddethis particular application. The chromium evaporated giNSi

is used as the static electrode of capacitive sensors and as the etching mask for sttyotarthigk
SigNy at the same time. The air gap between tgH Siliaphragm and th&aAs substrate amounts to

about 2 pum.

2.3.2.2 Surface micromachining
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Surface micromachining is based on the deposition of thin filmstba&urface ofthe wafer
and the removal of one or more of these layers to releasstriidures. Therefore, a surface
micromachining process requires a sacrificial layer which is removethi&r atep, in a post-process
operation, to release the mechanical part. Many materials are used as a stay#iciguch as Si§)
GaAs, AlGaAs, aluminium and others, knowing that each one requires its appropriate etchant.

Fig. 2.7 - Fabrication of capacitive pressure sensor combining front- and back-side bulk
micromachining techniques [14].

A technique, presented by Vail et al. [19], considergl@aAs epitaxial layer as agtch-stop
layer and GaAs as sacrificial layer. As depicted in Fig. 2.8ea of GaAs issandwiched between
two layers of AlGaAsAfter photolithographic patterning, anisotropcy etching isused toetch
down tothe sacrificialGaAs layer. Isotropic anselectivedry etching with a SFSiCls mixture are
then used to etch away such sacrificial layer. It is verified that the contact pad sugpeproposed
device is much larger than the underetchiegessary to frethe cantilevers, s@ontactpadsremain
supported. Furthermorghe use of dryetching eliminates theroblems of surface tension which
causes stiction, commonly observed with wet etching.

Another techniquaised tobuild GaAssuspendedeamsuses ALGa -xAs, with x=0.5 or
higher, as sacrificial layer [20][21]. The wafer used has epitaxiallayers,AlGaAs andGaAs, and
after theopenings defininghe width of the beam,the sacrificial AlGaAs layer is accessed and
selectively etched bysing, e.g. HHseeFig. 2.8b). Inthe lastexample, photoresis@re used to
suspend structures. This techniquegdely applied tomake airbridges in MMIC, hadeenused by
Choi and Polla[22] to build piezoelectricpressure sensorand pyroelectric infraredletectors,
integrating ZnO thin films in a GaAs MESFET process, as shown in Fig. 2.9.
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(a) (b)

Fig. 2.8 - GaAs surface micromachining using GaAs (a) and AlGaAs (b) as sacrificial layers.

Fig. 2.9 - Fabrication of integrated sensor in MESFET process using photoresist as sacrificial layer [22].

2.4 TIMA-CMP M ICROMACHINING APPROACH

The strategy adopted aiMA-CMP laboratory consists in applyinghe front-side bulk
micromachining in standard IC processes, keeping superposed opening retiierdiéfectridayers
to access the substrate surface. The structures are then released through an additional post-process w
etching, as illustrated in Fig. 2.10.
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Fig. 2.10 - Maskless front-side bulk micromachining using standard IC process.

The principal advantage cfuch masklessnicromachining approach is the fabrication of
microsystems using microelectronics productioes, withoutmodifying thestandard IC fabrication
procedure. It seems to be the most efficient waynfgement monolithidMEMS in terms of time-to-
market,fabrication cost anélectronic compatibility. The originglrocess parameters, dme other
hand, such as dopant concentration, number of layers and masks, layer thickness androtalys
cannot bechanged. As a consequentiee potential application®r each particular Iprocess must
be carefullystudied,since to optimize thprocesscharacteristicgor specific micromachined devices
in order to improve their performances is not possible in this approach.
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CMOS processehave been widely considerddr such amicromachining techniqué23]-
[24]. Useful resultshave been obtained by the MicrosysteG®up (MCS), afTIMA laboratory,
usingl.2 um and1.0 um CMOS doublemetal layer technology fronES2 foundry,and 1.2 pum
CMOS double metal layer and double polysilicon layer technology fréxmS foundry [9]. As a
result, a microsystem multi-project wafer service for prototyping and low volume productibedmas
provided by CMP, using these CMOS IC processes [25].

In order to extendhe CMP service talternative MEMStechnologiesasimilar strategy has
been applied to commercial Gafehnologies, anthe relatedesultsare presented in tHellowing
chapters of this thesis. To our knowledge, thithéfirst time thatsuch a strategy hdmeen applied
commercially. GaAs IC processes available through the CMP, at this moment, MESFEVitésse
Corp. and HEMT from Philips Microwave Limeil - PML have been investigatddr this purpose
[26][27]. Neverthelessthe scientific contribution andesults obtained in thisvork, in terms of
suitable etching solutions, potential micromachined devicesCamltools for MEMS,can be easily
extended to other GaAs process.

2.5 SIMMARY

In summary, GaAs material seems to be \adtsactivefor MEMS design due to itparticular
electrical and mechanicalcharacteristics. Hereterojunctions (GaAs and its ternary allangs)also
readily available as sacrifici@nd stop layers foselectiveetching. Moreoverpreferential etching
leads to a unique triangular prism-shagedige, not possible in silicon.The microelectronics
compatible micromachining approach adoptedI®tA laboratory representhe cheapest and fastest
way to implement monolithicMEMS, sincethe use of anadditional maskless post-process wet
etching, with no influence on the unconcerned electromarts, is enough forreleasing
microstructures. Therefore, microsystems can be fabricated using industrial IC production lines. As a
result, multi-project wafer services, such as those provided by CMP since the early 80’snamere
projects sharahe fabricationcost, are easily extended tMEMS design, providingaccess and
capabilities to fabless groups.
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Chapter 3
MICROMACHINING CHARACTERIZATION

GaAs IC-compatible front-sidebulk micromachining has been investigated on two
technologies : Vitesse MESFET H-GaAsadihd PML HEMT DO2AH. Sincéhe openareas
required insuchmicromachining approachesme commonlynor expectedheither accepted by
microelectronicfoundries,eventual residual layers have beebserved over these openings
before thepost-process etching. pre-cleaning procedure isot always enough tsolve this
problem.For GaAs IC processes whetiee residual layersare not present othey do not
represent aeal trouble, three different structures, presentingarticular vertical profiles and
suspendednaterials, are proposed for specifi@pplicationswith special features. Suitable
etchingsolutionshave been studieidr eachkind of structure in terms of undercutting rates,
vertical depth rate angbrofile, as well as possibléamage in thgassivationand metallization
layers. The functionality of electronic devices b® beerverified after thepost-process wet
etching to validate the compatibility with microelectronics blocks.
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3.1 INTRODUCTION

As mentioned in theprevious chapterthe front-side bulk micromachining technique
compatible with microelectronics processes consists of the use of dielectric layers from IC fabrication,
thatis, astack of contactyia andpassivation openings is used deate theuncovered substrate
regions forthe etchanattack. Thereforethe etchingsolutionsare expected to acinly or at a very
high etch rate on the unprotectestirface areas, withoubfluencing the behavior of the devices
covered by the passivation and placed far from suspended structures. As a result, no modifications are
required in the standard IC fabrication and the micromachined devices are easily constructed as well as
the electroniccompounds (transistors, diodes, resistors, etesylting on monolithic microsystems
at low cost and high yield.

However, it is clear that no improvement or modification on the microelectroracssses for
micromachining purposes is allowed. Thigncludes even small changesich asthe doping
concentration of materials to create more efficient etckiog layersthe thickness ofthe layers for
micromechanical actuatqrerformance, othe addition ofnew layers and masking steps to the
conventional IC fabricatioprocedure. Others, such #® use of a post-fabricatiolayer for pad
metallization protection and black layers for radiation absortion coudthtisaged, buthey represent
a delicatetask. Thusthe technologies targetddr this kind of micromachining technique must be
carefully studied in terms of potential applications and their performance limitations.

3.1.1 Target Technologies

The Circuits Multi-Projects(CMP) service provides todaghe collective fabrication of
microsystems using standard IC productioes [1]. CMOS compatible micromachiningepresents
nowadays a reality to the CM#sers,which can develop theiprototypes with affordable prices and
high flexibility. In order to extendguch facilities to GaAs technologies, tw@rocessesavailable
throughthe CMP service at the momethiat this work wasbeing realized, werevestigated : the
0.6 um MESFETH-GaAs Il from Vitesse Semiconduct@orp. and the0.2 um HEMT DO2AH
from Philips Microwave Limeil (PML) [2][3].

In fact, since IC technologies are constantlypiogress,CMP processesare also frequently
updated. For exampléhe Vitesse MESFET is representeowadays bythe H-GaAs IV process,
while the EDO2AH process correspondghie PML HEMT technology available @MP . This is a
very important pointmainly when microelectronics compatible micromachinirapproaches are
addressed. Even if only a scaling of the dimensiorthefayershasbeen realized, without changing
drastically the fabricatiosteps and materials, a nemicromachining characterization is required to
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verify the minimum open area dimensions. Otherwise, not onlgtching parameters, such as
temperature and concentratidependencegtch rates, reproducibility and surface damage, but also
new mechanical and thermal properties of layers must be obtained.

The VitesseH-GaAs Ill process is used for high speddjital circuits and presents both
depletion and enhancement mode MESFETs iéhum effective gate lengtiji2]. The four metal
layersavailablefor interconnection provide high levels of integration at a gyedtl. Therefore, for
micromachining applications, the stackspt dielectricopenings is necessampatis, opening in the
dielectric cap window (substrate access), intermetallic layer openings (via_1, via_2, viai8 dj)d
and passivatioompening, asllustrated inFig. 3.1. Infact, the superposition of consecutive vias is
not allowed by théoundry, and such opening®quire the presence of the respectivetal layers.
Moreover, the minimum passivation opening width in the pad structdi® jsn. As aonsequence,
these electronidesign rules must bédolated to obtain the openimggions. Furthermore, gn00]-
oriented GaAs wafer isised by Vitesse, anthe [010] and [001] crystallographic directions
correspond to X (horizontal) and Y (vertical) lay@uxtes, respectively. Suchkand of information is
necessary when preferential etching is considered.

—_ —_ e mm —
Iy .- || ||
——— —
—pp— e e
— . _— —— . —_
Iy u-. || || .- || ||
e —_ ———
—— ey e e —p— e — _—
—_— . _— —— . —
- .- || || - .-

Fig. 3.1 - Front-side bulk micromachining using Vitesse MESFET H-GaAs Il process.
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On the othehand,the PML DO2AHprocess is provided fanicrowave andnillimeter wave
applications up t&/0 GHz. The mainfeatures of this technologgre the depletion mode.2 pm
recessed gate pseudomorphic HEMT, back-sid&l plate(ground) formicrostrip transmissiofine
construction, via holes through the 100 um-thick substratediace parasitic inductancesgwound,
and passive compounds (GaAs resistors, MIM capacitors and planar spiral indG@¢tdfsur metal
layers are available for gate, capacitors and interconneckiongever, toobtain the micromachining
open regions othe substrate surfacatacking of only twdayout layers,contactopening (CO) and
contactbonding (CB), isdemanded (se€ig. 3.2). Like in Vitesse, such superposition is not
expected by théoundry, exceptfor logo designyrepresenting consequently a design rule violation.
PML also uses aj100]-oriented wafer, but in this caste horizontalX-axis) andvertical (Y-axis)
layout directions correspond, respectively, to[@e] and[011] directions.

_/- | \
T s o

Fig. 3.2 - Front-side bulk micromachining using PML HEMT DO2AH process.
3.1.2 Residual Layer
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The first studies, carried out by Karamaét [4], aimed to demonstrate the feasibility safch
approach. Test structures were implemented with a wide range ohg@endths in order taobtain
the exposed substrate surface regions, after IC fabrichtett, such structures wereleasedising
well-known GaAsetchingsolutions.Although suspended structures were successfoliyt in this
preliminary experiments, as shown fRig. 3.3, problems of residual layers ovére uncovered
regions wereeventuallyobservedeven with large opeareas.These problemsre supposed to be
caused by inadequattelectric openings during IC fabrication, giving a significant increase of
dielectric thicknesses ovére open areas. This wansainly observed whetthe number ofmetal and
intermetallic layers available in the process increased.

(a) (b)
Fig. 3.3 - GaAs micromachining using Vitesse H-GaAs Il (a) and PML DO2AH (b) processes.

Moreover,the contact between and GaAs material, in unprotectegions,could result in
surface oxide layers durintpe period between the end of the IC fabrication andotds-process
etching procedure,commonly not carried out in the sareavironment. Numerous methods for
removing such residual layers are discussed in the literature [5]. Among Ga andlés all oxides
of arsenic, such as AQ3 and A30s are highly soluble in water, alcohols and acidsiO&sdissolves
in alkaline solutions as well. In contrast,/8g, Gg03 (H20), and GaO (suboxide)re insoluble in

water, slightly soluble in acids, and readily soluble in alkaline solutions.

In fact, residual layers were observed tont@e critical in Vitesse MESFEdies than in the
PML HEMT ones, whoseminimum openareawidth wasdetermined to be equal # um (after
discussions with the foundry) even if smaller openiagsobtainablevith testpatterns. Ornhe other
hand, inVitesseMESFET, operareawidths up t0200 um were designedbut residual layers are
almost always present mainly at the borders of the openings, as illustr&igd 314. Note thatsuch
a trouble is not particular to GaAgchnologies, but armactual drawback for front-side bulk
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micromachiningusing certain IC processes. For instancgmilar residual layers werebserved in
CMOS compatible micromachining using the ATMEL-ES2 ECPD10 process, while thery were not so
critical in the AMS CAE process [6].

Therefore, a pre-cleaning step is applied on the dies in order to réneoxesidual layers and
to avoid eventual problems and/or irregularities in the micromachiasig This is made bydipping
them in HCI:BO (1:10) - 20sec,then rinsing indeionized water - 18ec,dipping in NHOH:HxO
(1:1) - 20 sec, and, finally, dryingith nitrogen. Next, the dies are dipped in specific etching
solutions, taking into account parameters such as concentration, temperature andisgienugnce.
Such procedure has been successfully realized on the PML dies, but in thetbas¥iksalies the
residual layers could not be removed, probably because the resmteahbls are nadnly Ga and As
oxides, but also interconnection metals and particular dielectrics, not specified by the foundry.

e g = LR L

Fig. 3.4 - Residual layers over open areas, after IC fabrication using Vitesse H-GaAs Il process.

3.2 WET ETCHING MECHANISM AND ETCH RATE DIAGRAM

Before presenting the different kind of suspended structures \ahacfirstly proposed in this
work and their relate@tchantsthe general mechanisms GRAs wet etching anthe generation of
etch rate polar diagrams are briefly reviewed next. It must be rementhatd@ddeword ‘preferential
is used to describe a process in which the etchirgprtdin crystallographic planescurs fastethan
others, and the slowest etching crystal planes dictate next the final shape of the etched groove. Etching
is then anisotropic with respect to crysiaiections. In contrasthe word ‘selective’ is reserved to
etches that remove one material significantly faster than another. The differences in etch rates could be
caused by either different etch mechanisms or differences in contact potentials with retgeetdo
solution.

Chemical etching ofmost IlI-V semiconductomaterials usuallyproceeds by an oxidation-
reduction reaction at the semiconductarface, followed by dissolution dfie oxide material. The
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chemical etchantisually contains tw@eparatecomponents, one whicacts as the oxidizing agent
(commonly HO»2) and the othewhich dissolveghe resulting oxide (usually an acifB][7]. Two

classes of etchantsan be defined: diffusion-limited etchants and reaction-rate-lingtedants. In
diffusion-limited etching,the material dissolution depends oithe transport of active etching
components by diffusion to the material surface or of the regotmofucts away fronthe surface. In

the reaction-rate-limited, the material dissolution is a function of the chemical reaction rate between the
etchantand the semiconductdor oxide). Somecharacteristics osuch mechanisms ardiscussed
bellow, while a more detailed study about wet etching in GaAs substrates can be found in [8] :

» Agitation dependence- In a reaction-rate-limited etching process the agitatames notchange the
surface absorptiomate significantly, whilefor a diffusion-limited etching condition the etatate
increases with stirring or agitation of the liquid etchant.

* Mask edge trenching— For diffusion-limited etchantsthe etch ratdor GaAs through asmall
opening in a mask is found to be considerably higien thatfor a GaAs wafer with nanasking.
For reaction-rate-limited etching, the etch rate is independent of the mask opening dimensions.

* Anisotropic etching— In GaAs, due to its crystallographic polarity, a free {111}Ga surface has Ga
atoms attached firmly to three As atoms underneath and the valency of 3 of Ga is completely satisfied
[9]. The {111}As plane, on the other hand, contains As attirashavetwo extraunboundelectrons

per atom owing to its valency of 5. Since oxidation involess of electronsghe As atoms present

on a {111} As surface react much more readily with the oxidizer than Ga atoms presdatlah@a

surface do. Once an As atom from an {111}As surface is removed by oxidhgoGa atoms in the

plan underneath, whiclare each connected to the othaderlying As atoms by a singl®ond, are
dislodged relatively easily by the oxidatipnocess. Consequently, {111}Agch rate iSound to be

by far the highest inGaAs for reaction-rate-limited etchingorocesses. Fodiffusion-limited
processes, the etch rate dependence on orientation almost disappears.

» Temperature dependenee Etch rates always increase with etchant temperature because the rates of
all the participating physical and chemical phenomena increas®£4d, where T is temperature and

AE is the relevant activatioenergy. In factreaction-rate-limited etchingrocessegenerallyshow a
stronger temperature dependence than diffusion-limited etching processes.

* Time dependence— The reaction-rate-limited etchingrocess presentgtch rates linearly
proportional with the etching time, while in the diffusion-limited process etch rates are proportional to
the square root of the etching time.
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» Galvanic effect— A reaction-rate-limited etching mechanistepends onthe availability of

electronsfor oxidation tooccur. Amaterialhaving an electronegativity that is differeinbm the

electron affinityfor GaAs, whenimmersed in the etcholution, would form agalvaniccell. The

galvanic action would then supply electrons for the etching reactignegoess at éaster rate. Such
an etch rate increassould be smaller for diffusion-limited etchingprocesses providethat the

physical separation of this dissimilaraterialfrom GaAs is much larger thathe diffusion layer

thickness.

* Doping type and concentrationdependence— Reaction-rate-limited etching is much more
dependent on thdoping concentration antype, owing toits dependence on thavailability of
electrons and holes.

» Chemical polishing effects- If the surface has a protusiotihe tipwould be exposed to lagher

diffusion current of reacting agents and therefore a diffusion-limited etchant tem#keothesurface
smoother. Areaction-rate-limitecetchant, however, woulthaintain the originasurface topography,

unless of course its anisotropy takes over. In such a case, it would etch the fast etching planes quickly
and stop at the slowest etching planes, creating characteristic patterns.

* Etch rate magnitudes— The reaction-rate-controlled etching conditioocurs whenthe surface
reaction rate, e.g., oxidation, is low due to sheall concentration of the oxidizer in thelution. As

the oxidizer concentration iacreasedthe etch ratancreases and the complexing actieeps up

with the oxidation rate, producing an almost linear relationship betweeasictihneateand the oxidizer
concentration. Eventuallyhe etch rate dependence on oxidizer concentration becsbésear, as

the complexing action fails to keep wpth oxide growth. Consequentlypne has tancrease the
concentration of the complexing agent as welbider to have an increasetthrate. However, the
solution becomes viscous and the etching process becomes diffusion-limited. The etch rate flattens out
and starts dropping owing to the inability of the oxidizes@p molecules) to reach tHeaAs surface

freely.

Generally,the etchrates,measured normal to thectual crystal surface,are described in a
polar plot in whichthe distancdrom the origin to the plosurface (orcurve intwo dimensions)
indicates the etch rate for that particular normal direction. The extraction of experimental etch rates for
all directions represents a lotwbrk, and it is rarelyfound in literatureHowever, for adetermined
crystallographiglane, a two-dimensionatch rate diagram can be accurately predicted or generated
from known minimum andnaximum rates thatorrespond, respectively, the etchstop planes and
planes easily etcheaway by the solution. This procedurean be representetthrough asimple
computing algorithm, as following :
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a) assume hypothetical etch rates, given in Fig. 3.5a;

b) the inverse of etch rate values are used to build the slowness diagram, shown in Fig. 3.5b;

c) then,the inverse okach straight line equation betwe®vo slownessvectors is used to
construct the etch rate diagram, illustrated in Fig. 3.5c.

Fig. 3.5 - Generation of etch rate polar plot from available minimum and maximum values.

As in two dimensionsthe analysis of what happens to three-dimensional crgdthling is
most conveniently carried out with the help of the etch rataavness diagrams. Nothe slowness
diagram is a # polar diagram thatontains thenecessary informatiofor all possible directions.
Around the skeleton formed by the extreme rate values expected and aduhiteynaddiate directions
based oravailabledata,the completeslowness surface ithen approximated with a triangulated
polyhedron that uses the given values as corners [10]. In fact, the generation of a 3D diabreate
Is a somewhat complex computing task which is beyond the scope of this work [11][12].

3.3 MICROMACHINED STRUCTURES PROPOSED

The surface geometry afuspended structures essily defined by placing appropriately the
open areas othe layout. Certainlyundercutting rates and anisotropic etching behavior contribute to
the releasing feasibility of particular geometries since latgectures could bdimited by the
maximum etchingime allowed. Interms of thesuspendednaterials andvertical profile, threekinds
of free-standing structures have been investigated :

» GaAs/AlGaAs mesa-shaped structure,

» GaAs triangular prism-shaped bridge and

« suspended metal / intermetallic layer structure without GaAs material.

In this sectionthese structuresre described and evaluatednsideringthe PML HEMT
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technology. Note that, ithe case of VitessRIESFET,the absence of heterostructudiscards the
possibility of building the suspended GaAs/AlGaAs mesa-shaped structure or similar because it relies
on the selective etching property.

The manufacturing of the microstructures relies on the use of selective etching solutions (GaAs
over AlGaAs) and crystallographic preferential (anisotropic) etcéysgems. Foboth selective and
preferentialetchantsthe etch ratesvere determined bgbservingthe undercutting distancesound
the opening areas (etahask) andcross section profiles. By consideringhe well-known 111-V
semiconductor compound-based etchsygtems previously presented time literature, particular
selective and preferential etching systems for the suspended GaAs/AlGaAs mesa-shaped structure an
triangular prism-shaped bridge have bebpnsen. Not¢hat the goal is1ot to develomew etchants,
but to adapt existing solutions to these requirements.

3.3.1 Suspended GaAs/AlGaAs Mesa-Shaped Structure
3.3.1.1 Structure description

The suspendedsaAs/AlGaAs mesa-shapestructure, depicted inFig. 3.6a, consists of
placing a mesatructure,commonlyused tofabricateresistors andHEMTS, between open areas for
selectivereleasing During thepost-process etchingyGaAs acts as atoplayer to maintain the top
GaAs epitaxial layer, while the GaAs substnaiaterial as well as themGaAslayer are etchedway.
Therefore, the etching selectivity of GaAs with respect to AIGaAs represents the principal parameter to
be controlled. InGaAs could also be consideredtap layer due to its selectivityith respect to
GaAs [7][13]. Howeverdue to its very smathickness etching solutiorselectivity higher than 20
should beavailable to obtain reasonable microstructdmmensions. Thus, sucpossibility was
temporarily discarded.

In the PML HEMT DO2AHprocess, InGaAsAlGaAs andGaAs doped layergjepicted in
Fig. 3.2, present thickness of approximatel@OA, 500A and550A, respectively. As a result, to
build, for instance, 40 um-width GaAs bridge aselectivity of more thari00 must be applied,
before starting an etchingttack on theGaAs doped layer. Generally, highselectivity could be
obtained using dry etching [14][15], however inthe case of microelectronics compatible
micromachining based onpost-procesgtchingsuch possibility has ndieen considered due to the
risk of surface layers contamination and influence on the electronic active devices.

Note that the undercutting rate is the principaisponsible forreleasing thestructure.
Therefore, it ismore interesting to consider isotropetching, for design flexibilityrather than
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anisotropic behavior, which usually imposes the open area orientation because of the prestepce of
etching crystallographiplanes, withoutforgetting the selectivgoroperty. Interms of potential
applications, this kind of suspended strucitmald be efficientlyused tocreatefree-standing GaAs
resistors, as shown iRkig. 3.6b, useful torealize bolometers, piezoresistive-bassensors and
metal-semiconductor thermocouples.

A4
A

R.

(a) (b)
Fig. 3.6 - Suspended GaAs/AlGaAs mesa-shaped structure: (a) illustration and (b) GaAs resistor.

3.3.1.2 Selective etchants

As mentionedthe suitable chemical etchirgplution has to beapable of rapid selective
removal of a part of the crystal or specifiaterial(s), with a giverthemicalcomposition, without
damaging or removing the rest of the crystal or etching stop material(s). This leads to the definition of
the selectivity coefficien$ of the solution :

_ R _ etching rate of GaAs
R, etchingrate of Al Ga, As

(3.1)

observingthat the optimakolution exhibits anaximum inR; and S, while Ry shouldremain very
small. Moreover, assuming that the etch ratesindependent of the etchitigme, theyare calculated
simply by dividing the etched depth and undercutting distances by the etching time.

Three selective wet etchirgystems of GaAs withespect to AlGaAs have beéound in the
literature andinvestigated :NH4OH:H 205, CgHgO7:H202:H20 (citric acid), andsuccinic
acid:NH40OH:H 202 [16][17]. Etching solution concentrations weskosentaken into account the
highest selectivity presented by the authors. The attention has also been focused on the uniformity and
reproducibility ofsuchetchingprocedure. Note thathe solution selectivity is generally associated
with the composition of AlGa-xAs (X value), which iqual t00.25 inthe case of PML D02AH
process.
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NH40OH:H 20> — The NHOH-based solution forselective etching ofGaAs in the
presence of AlGaAgpitaxial layerswas firstly proposed byogan etal. [18], whosetechnique
required a rotating station holding the crystal and the etdohgion. They obtained dow S value
approximately equal to 1for the GaAs-AlGaAssystem. In additionthe etching oflGaAs wasvery
slow, Ry = 6 um/h, for the optimal solution compositigkmong other publications about N&H
selectivesolution, J. J. LePore [19] and Kenefick [20]obtained selectivities up t80, while Y.
Uenishi et al. [21presented the highest selectivity ab@G0 for volume ratios between 1:30 and
1:50. In this work,both concentrations were applied, at rommperature and witktirring, and the
undercutting rates measured were 2 angm/min, respectively, presenting an almost isotropic
behavior. However, probabljue to thehigh concentration of $0- in thesolution and a bubbling-
accelerated effect of thgystem, non-unifornetching surface profiles have been noticed &tenin
(see Fig. 3.7a). In fact, it is suspected that one or both dielectric layepsaf®IC53N4) are attacked
and an irregular bulktchedshape is formed. Anyway, such etthingsystem does naeem to be
suitable for building reliable microstructures.

Succinic acid:NH4OH:H 202 — According to K.Hjort [16], this system should present
a complete selectivity oGaAs to AlGaAs, with aretch rate of0.2 pum/min, based orthe results
presented by S. Merritt et 422], though it is notclear in the originapublication. The volume ratio
proposed byMerritt and applied hereiwas 15:1.After 60 min of material exposure tahe etching
solution, at roomtemperature and withowstirring, aninsignificant undercutting of aroun@.5 pm
was observed. As a consequence, this too &eral etchindeads to very long etchingme for the
fabrication of free-standing structure with reasonableensions. Stirring otemperature effects
should beinvestigated in order to increaige etchrates,but it may probably affect the selective
characteristics of thetchant. Moreoversimilar irregularities in thesurface etching profile presented
by NH4OH-based solution was observed after two hours (see Fig. 3.7b).

CeHgO7:H202:H20 — Severalpublications haveshowncitric acid as a selective etching
solution of GaAs to AlGaAs, with selectivity of approximatelft00 [7][14][23][24]. In general, the
5:1 volume ratio, at roortemperature and withostirring, haspresented théest results and it was
considered in this work. A slower etch rate than the®H based solution was observed but with an
excellent reproducibilityand uniformity, ashown inFig. 3.8a. Undercutting rates around 6f15
and0.31 um/minwere measured fdhe <011>and <001> surface direction.he etch rate polar
diagram relative to the dsurface plan€100) is depicted inFig. 3.8b. Atthe presentime, these
results suggest to uske citric acidsystem tofabricate thesuspendedsaAs/AlGaAs mesa-shaped
microstructures.
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(@) (b)

Fig. 3.7 - Surface etching profile obtained with (a)AMH and (b) succinic acid based solutions.

Etch rate polar diagram of citric acid

0.2
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0.2 0,2 0i1h 0,1 0,05 0 005 01 01 0,20 0,25

(b)

Fig. 3.8 - Citric acid based selective solution: (a) surface etched shape and (b) etch rate polar diagram.

3.3.2 Free-Standing Triangular Prism-Shaped Bridge
3.3.2.1 Structure description

The triangulamprism-shaped structure, proposed firstly Tarui etal. [25] and illustrated in
Fig. 3.9, is possible due to the anisotropic etching behavioertdinetchants. It isvell known that
the 111-V semiconductorcompounds withzinc blendestructure exhibit polarity along thel111>
directions. Then, thdifference between the etch ratesA§i11} planes and other low-index planes
results in crystal habits formintpe particular V-shaped and theverse mesa-shaped holes in the
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(011) and (011 ) planes,respectively[25]-[27]. To obtain such a structureparticular etching

characteristics must be taken into accasunth asthe etch rates oB{111} planes higher than the
A{111} planes, in order to reach the desirable profile (negative slope angle)1@®d planes higher

than the A{111} ones, to reduce the undercutting distance in respect to the etched depth.

Microphotograph

Fig. 3.9 - Free-standing triangular prism-shaped bridge.

According toFig. 3.9, the base ofthe inverse triangleW) and the distance between the
bottom of the bridge and the substrate matetal,is, the air gap heightHz) are usually defined by
the designer. Moreover, the triangle heidt) can be calculated as a function/ét

Hi= W/ 2) *tg() (3.2)

wherea corresponds tthe negative slope angle. Therefore, the etching &tah (time required to
obtain such a structure with determin&cdindH; can be easily estimated by using :

etch_time= (H; + Hy) / depth_rate (3.3a)

or
etch_time= (W/ 2 * tg(a) + Hg) / depth_rate (3.3b)

wheredepth_rateepresents the etch rate in fie00] crystallographic directiofdepth). As a result,
to determine the appropriate open area distddgg,(consideringhe undercutting olateral etch rate

(under_rat@, the following equation can be applied :
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Dop =2 *under_rate* etch_time+ W (3.4)

Note that, unlike the suspended GaAs/AlGaAs mesa-shaipsrture the undercutting rate is
desired to be as low as possible in order to reduce the lateral edddingonsequentlyhe openarea
distance and the final structure size.

The potential applications targetedth this kind of bridgesare the piezoelectricantilevers,
since a significant GaAmasscould besuspendedand free-standingctive devices (diodes and
transistors) fothermalisolation. Thermocouple-based devices could alsthbaght, but it is clear
that the increased materialassunderneath the structure increasestiieemalconductivity, reducing
the performance of the thermocouples.

3.3.2.2 Anisotropic etchants

In the etchant characterization for this structure, it is very important to verietheal profile
obtained on thé011) cleavageplane witheach etchingystem.The verticaland lateraletchings have
to be well controlled to release the expechdpe andre closely related to th@penareageometry.
Well-established preferential chemical etchisgstems, proposed ithe literature, such as
H2S04:H202:H20, H3PO4:H202:H20, NH4OH:H202:H>O and Bro:CH30H, are
evaluated next. All etching procedures were carried out without stirring and at room temperature, with
exception of the BPOy based system alsapplied at0°C [28]. Experimentakesultsare summarized
bellow :

H2S04:H202:H>0 — This system hasbeen well characterized in the literature as a
preferential etching solution. lida et al. [26] used a variety of etch solution concentrations to extract the
ternary etch rate diagramith respect tothe {100} crystallographicplanes.The etch rate polar
diagramfor the {110} planeswas proposed by D. Shaw [28hd validatedusing a 2Danisotropic
etching simulatolbased on @eometricalmethod. Consideringheir results, twovolume ratios —
1:8:1 and 1:8:0 — were studied in th®rk. Inthe case of th&:8:1 vol., the depth etch rate was
measured equal to Tum/min, the undercutting rates obtainefdr the <011> and <001>
crystallographic directions were 4 and 6 pm/min, respectiVélg1:8:0 vol. solution, which were
expected to etch monepidly, presenteetch rates ofl0, 6 and 9 um/min forthe [1 00] depth,
<011> and <001> surface directions, respectively. Howevehdibr concentrationthe aparition of
the B{111} planes, already predicted by DShaw [29]and D. MacFadyerj8], were observed
between theA{111} habit planes and th€l00) hole bottom surface (sd€g. 3.10a). This could
represent an undesirable effect during the construction of such a kind of bridge.
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H3PO4:H202:H 20 — This solution was proposed bylori et al. [28] as amore stable
etchingsystem tharthe HhSO4 based one. Througthe equivalent ternary etch radgagram, it is
verified that the preferential etching occurs when the mole ratip@3 kb HzPOj4 is higher thar2.3,
and themole fraction of HO is lower thar0.9. Experiments weregealizedfor the volume ratio of
1:13.8:13.2 at room temperature and at 0°C. A significant temperature dependence with resgect to
ratio B{111}/A{111} was observed, that is, the procdmsomes more isotropighenincreasing the
etching temperature, ashown inFig. 3.10b [28][30]. At 0°C, the depth etch rataround to
1 um/min was measuredhile the undercutting ratder the <011>and<001> surface directions,
respectively, were calculated to be approximately equal to 0.25 and 0.35 pm/min.

(b) (c)
Fig. 3.10 - Vertical etching profiles obtained using (2584, (b) H3PO4 and (c) NHHOH based
solutions, at room temperature and without stirring.

NH40H:H >202:H 20 — The characteristics of this solution seem to begasd as the
H3POy based system &°C, asshow inFig. 3.10c[31][32]. The two concentrations applied in the
experiments, 20:7:973 and 20:7:73 vol., gdeeth etch rates di.5 and0.6 pm/min, respectively.
The undercutting rates measurfed the <011> and <001> directionswere, respectivelyequal to
0.15 and 0.22 ym/min for the 20:7:973 vol., and 0.6 and 0.9 um/min for the 20:7:73 vol.
Although, for 20:7:973 solutiothe kinetics of microstructure releasingweak, this concentration
seems suitable due to the higher aspect ratio between the depth &fd heindercuttingdistances,
which is aproximately 3.3, while for3®Oy the same ratio is equal to 4. It hdigect influence on the
final structure vertical profile.

Bro:CH30H — This solution with bromide concentratiomsssthan 0.05 by weight was
applied inorder to increasthe etch ratidB{111}/A{111} for the desirablgrofile, and toavoid the
formation of {332}Ga as habit planes discussed in [25][33]. However flathottomed holes were
always observedcompromising the feasibility of the triangular-shapeaétrostructure. Moreover,
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even with low Bp concentrations, the padetallizationwas hardly attacked, ashown inFig. 3.11,
making it unsuitable for the electronic compatibility using this macromachining technique.

In summary, HPOy:H202:H20 and NHOH:H>02:H20 systems seem to be watllapted for
fabricating uniform triangulaprism-shaped bridges. For both solutiotise angle between the
negativeslope plane and thesurface is approximately equal to degrees, which represents the
A{111} crystallographic plane. Moreover, HCIl and HF based solutions, also presented as anisotropic
etchants in the literature [29][34][35], wergjecteddue to the welknown highreactivity on the pad
metallization (alluminum and other metals) and the passivation materghlig €8id SiQ) [36][37].

.

Fig. 3.11 - Pad metallization damage caused by bromide based etchant.

3.3.3 Suspended Metal / Intermetallic Layer Structure
3.3.3.1 Structure description

The third proposed micromachined structureconsists of suspending onlynetal and
intermetallic materials byemoving completely th€&aAs bulkmaterialunderneath thetructure, as
illustrated in Fig. 3.2f. The principal application of this kind of structure.ig,, tocreatesuspended
microwave passive devices with low losses at high-frequency, discussed in detail in Chapter 5.

3.3.3.2 Etching solutions
Since no constraints aelective and preferential etching are tocbhasidered, antdhe pad

metallization and passivation layers are not damaged during the post-process wet etching, which is the
basic condition for this front-side bulk micromachinig approach, the analysiex@etimentaresults
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presented above can beed in this caselhatis, the citric acid selectivesolution, aswell as
H3PO4 andNH40OH anisotropic based etchardse certainly suitabléor such kind of structure.
Moreover,commonly in this casthe undercutting is much more important than the etctiegth,
when the goal is just to create a tiny air gap layer between the metal wires and tlseiarsde, and
whose height is not so critical.

3.4 (ENERAL CONSIDERATIONS

Electronic circuitry compatibility is one of thaostattractivefeatures of this maskless front-
side bulk micromachiningpproach, andhen itshould always beertificated after eaclechemical
etching treatment.Once preliminary experiments haveroven the feasibility of suspended
microstructures in a particular microelectronics process, and related potential applications are identified
and justify additional efforts and investments, a much more carefuletatdied characterizatiomork
should be done in terms of etching kinetics and material properties.

3.4.1 Electronic Verification

The influence of the post-process wet chemical etching procedure on the elettooitiy, in
particular the active devicg¢diodes andHEMTS), wherecarefully verified, consideringhe validated
citric acid (5:1 vol.), POy (1:13.8:13.2 vol.)and NH;OH (20:7:973 vol.)based solutions. The
passivation layer anthe padmetallizationwere visually verifiedusing optical microscope.The pad
contacts were also validated by using microprobes to transmit an electrical signal.

3.4.2 Etching Characterization

Usually, in order to obtain detailed data on the crystal orientation dependence of the etch rate, a
fan shaped or wagowheel shaped maskingattern isemployed, consisting afadially divergent
segments with angular separation of few degrees (betweeB)1ds shown ifrig. 3.12 [12][38]-

[40]. Since themask isrealizedusingoptically transparentyers, such asilicon dioxide or silicon

nitride, after etching a blossom-like figure is visually observetherchipsurface. Thigghenomenon

is due tothe radial extension of thexposedcenterarea, which depends dhe crystal orientation of

the individualsegmentsleading to a different amount dditeral underetching. Moreover, othégst
maskshapes, such asrcles and rotated rectangles &exy helpful to provide complementasich

rate information. However, note that commonly only shape edges in orthogonal orientation or angles
multiple of 45° are allowed by microelectronics foundries.

On the othethand, as discussed belowhe verification of the verticaprofiles of etched
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regions is very important to certain micromachined structiitesever, tocut or cleavelies for this
purpose represents a somewtlifficult task, mainly when justsmall and tiny circuits are available,
like in PML HEMT process, for whickhe maximum chiglimensions of 2 ¥ mn? (100 pm-thick
substrate) are accepted by CMP for prototyping.

Fig. 3.12 - Wagon wheel shaped masking pattern for etching characterization.

In  summary, micromachining prototypes fabricated in standard ICQprocessesare not
appropriate taealize a more complet@nd accurate investigation about the etchimghavior. For
example, fromthe etch ratgesults presentedefore, it is observethat suchratesfor depth and
<001> surfaceorientations are slightlglifferent, whichcan be due to themask border influence,
etchant saturation at particula@gions or imprecision of measuremeftBus, it is suggested to use
special maskinghapes foretching evaluation awafer level. The cleavagegrocedure forvertical
profile analysiscan be replaced by extracting the respective 2D etch rate didigrmamthe substrate
surface plane using wafers with [110] and [florientations, or equivalerut, in this casesmall
differences in the wafer and IC die properties as well as the influence of mask dimensions and original
layers thickness should not be forgotten.

Finally, the selectivity ofGaAs to AlGaAs layersprovided by some etchants cannot be
measured using I(Qrototypes. Particular epitaxiallayers grown in GaAs substrate should be
considered for such a kind of evaluation.
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3.4.3 Mechanical and Thermal Properties

Released microstructures have been found tméehanicallyvery robust and ndamage was
observed when they supportiedpactsduring transportation anelventual packaging or manipulation
procedures. Long and straight cantilevers as well as spiral structures forrdedebyiclayers were
successfully built, adlustrated inFig. 3.13. It isobviousthat a characterizatiowork about the
mechanicabknd thermalproperties must beealized infuture works for the related layerpresent in
specific targetegrocesses, in order wbtain the respective fractuteughness,Young’ modulus,
thermal resistivity, Seebeck coefficients, and so on.

et

Fig. 3.13 - Suspended metal / intermetallic layer structures : bridges and cantilevers.

3.5 (OONCLUSIONS

This micromachiningharacterization aimed saérifying the feasibility of themaskless post-
process weetchingusing the GaAs technologiesvailable through the CMP service. The PML
HEMT DO2AH presentedexcellentresults in terms oftlielectric openings (open areas) astthing
procedure, while in the Vitesse MESFHEFGaAs IIl processhe problem caused by residual layers
has notbeen solvedyet. Therefore etching solutions forthe differentstructures proposed were
characterized according to the selective and prefergmigderties.Although generalconclusions
resulted from thisvork can be extended to oth&aAs technologies, it seenstear that particular
effects and phenomena in the etching kinetics are specific to e@cbd€ss. Finallypnce theuse of
certain microelectronicgrocesses hadseen validated, and potential applications justify greater effort
in the characterizatiotask, amore completevork should be done towardse generation of the 3D
etch rate polar diagram and the extraction of mechanical and thermal properties of IC layers.
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Chapter 4
GaAs THERMAL BASED DEVICES

GaAs based semiconductorare attractive materialsfor thermal sensorsbecause of the
transistor operation ahigh temperatures (resultingrom the large bandgap),low thermal
conductivity, high Seebeck coefficient and, of course, electronic compatibility.tiérsaally
isolated electroniadevicesplaced over triangular prism-shaped bridgesre presented as a
promising possibility for bolometerlRMS convertersand temperature regulatednalog
circuits. Next, the feasibilityand usefulness of GaAs-TiAthermocouples usinghe PML
DO02AH processre extensivelyevaluatedthrough analytical formulations, electrical circuit
modelsand FEMsimulations.Two potential applicationsvere particularly studied. They are
the infrared detector and the electro-therrnahverter. Thiconverter devicean beefficiently
used as a microwavgower sensor irmonolithic microwaventegrated circuitdesign. On the
other hand, the absence of a sensitixea (black layer) in theproposed thermopilstructures
resulted inlow performance of infraredsensors. Thermocouple structures have been
successfully fabricated and experimental measurements are in progress.
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4.1 INTRODUCTION

Temperature is a fundamental parameter in npaogesses and fihay need to beneasured,
compensatedor, or even controlled in sommanner. Not onljtemperature is often measured in
plant, automobiles, household appliancegdicineand environment, but it is alsexploited as a
secondary sensingariable in non-thermainicrosensors, such as gas raechanicalwind flow
sensors.Temperaturesensorsare also used tocompensate therrors caused byhe temperature
variation of components anstruments, or fornpart of a control circuitTherefore, such device
represents perhaps the largest and most important class of microsensors today.

In this work, the termthermal sensoris used taneanany devicethat will yield anelectrical
output signal but has an input or intermediate signaltleéamaltype. Thus,basically,threekinds of
thermal sensorscan be distinguished :the sensors whichdirectly convert a temperature or a
temperature difference into astectricalsignal; thesensors in which aon-thermal signal is first
transduced into @hermal signal and then transduced into electrical signal by a temperature
(difference) sensor; and thermal based devices which are not really sensors af@iDiglior RMS
(root meansquare) converters which measwlectrical voltages and currents by measuring the
thermal power developed by these signals [1].

In thermalsensors, inwhich the thermalsignal (temperature or temperature differences) is
induced in the device by contact or by a physical effect, such as infrared radiation or cooling by an air
flow, the influence of other physical effedtas to be as low as possiblige those caused bkeat
leakage along the connecting asdpporting materialUsing micromachiningtechniques, it is
possible to fabricate free-standing regions that are thermally isédatedhe bulk material, allowing
the realization of efficient thermal based micro-devices.

GaAs based semiconducta@® attractive materiafer thermal sensorsbecause operation at
ambient temperatures up 380°C ispossible, as egesult of the largdbandgap,and integration into
electronic circuits can be achiev§?][3]. Moreover, as discussed in previous chapt&aAs
micromachining techniques are simple and interesting because of the preferential etching behavior
observed with certain etchants and the selective etching available using I1I-V materials.

In this chapter, theséacilities areconsidered to present potenti@aAs thermal devices
throughthe use of suspendeélectroniccomponents and micromachinégermopiles.The higher
thermal resistivityand higher Seebeck coefficient than silicoake it avery promisingmaterial for
such a kind of applications, for example, the microwave power sensor that is very ustifel PML
HEMT MMIC technology [4].
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4.2 SISPENDEDELECTRONIC DEVICES
4.2.1 Suspended Resistor

The most straightforward GaAghermal device allowedvith this micromachining approach
consists of the creation of a suspended metal or semicondesistor. As discussed Dhapter 3, a
free-standing GaAs resistoan be released eith#irough selective etchingising AlGaAs asstop
layer or overthe triangularprism-shaped bridgegspectingall parametersuch asselectivity and
undercutting associated withem (seeFig. 3.6b). Onthe otherhand, the metalresistor(TiAu in
PML), which ismore easilysuspended due the absence afonstraintgelated to the selective and
preferential etching, is not really useful because of its low resistance value. Standard (non-etched) and
suspended GaAs resistors were measured cangpared to verify the differences in the rise
temperature, which is observed by an increasing resistance value, resulting from Joule heating as seer
in Fig. 4.1.

I{m&) % R{ohm) for standard and suspended Gads resistors|

Ohm| 1 06E+3-

1.05E+3- standard .
1.04E+3= suspended

1.03E+32
1.02E+32
1.01E+3-
1.00E+32
9.90E+22
9.80E+22

S'?DE-‘-Z_-I ] ] ] ] ] ]
0.0E+0 50E-4 10E-3 15E-3 2.0E-3 2.5E-3 3.0E-

mé|
Fig. 4.1 - GraphAR for standard and suspended GaAs resistors {RQ).

In terms of target applicatiortzased on suspended resistorgreat number of interesting
sensingdevices can bdisted, such as bolometers, Piraracuum sensors, pressureensors,
anemometers and gas-sensing elements [5]-[7]. In these applications, bedhaseqiired biasing
to measure the resistangalue, often two identical resistorsare used in aWheatstone-bridge
configuration, onecting as thesensorelementand the other as theeference. Howeveralthough
they can be advantageouslged outsidghe temperature range accepted by other thedenakes,
commonly thestress dependenceyltage dependence and their wide tolerameakeresistors less
attractive.

Furthermore, suspended metal resistor is very useful to act as a heater unit in thermopile based
applications, while a GaAs resistor representgad of theproposedGaAs-TiAu thermocouple
structure, discussed later.
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4.2.2 Suspended Active Devices

Much more interesting than tweatefree-standing resistors the possibility ofsuspending
electronic activadevices (diodes and transistors) usingthe triangulamprism-shaped bridgeSince
the active areas of such components are ikégodt inside the inverse triangul@aAs mass,they can
be efficiently thermallyisolated, allowing a wide range of applicatioibe use of suspendeattive
devices as thermalensors habeenproposed by Klaassen et al. [8] in standsiiiton based IC
technology by using a new and unconventiquadt-process etching. Twapplications wergargeted
and discussed in [8] : an RMS converter, where a suspended resistor is used as the heditateand a
is used under forward bias as a temperature sensor,tantparature regulated analog circuihere
the suspended active device is used to mitigate the effects of ambient temperature changes on precisiot
circuitry such as a bandgapltagereference. Suspended MESFETs and Schottky dioaes also
been proposed by Pogany et al. [9] to study the temperature distributidineamdl timeresponse in
GaAs micromachined power sensors.

Fig. 4.2 showsactivedevices placedver triangular-shapedridges, fabricated in the PML
HEMT DO2AH process.Both Schottky diode andHEMT were characterized before anafter
micromachining, and proven to be fully functional.

Fig. 4.2 - Active devices over triangular prism-shaped bridges: (a) Schottky diode and (b) HEMT.

4.3 GaASTHERMOCOUPLES

Thermocouples have varioustractive properties compared to otheensors which are
frequently used for temperature difference measurements, such as the transistor pair and the resistanct
bridge. First,the thermocouple ibased orthe self-generating Seebeekect, in whichthe input
signal supplies the power for the output signal. This ensures that :
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* the thermocouple has an output signal without offset and offsetlrtfbuse there cannot be
any output signal without input power;

* the thermocoupledoes not suffer froninterference from any physical echemicalsignals
exceptlight, which can easily beshielded because the Seebeck effect and the photoelectric
effect are the only two self-generating effects in semiconductors;

* the thermocouple does not need any biasing;

* the read-out is very simple, only a voltmeter is required;

* there is no interference caused by power supplies.

In addition,the sensitivity of the thermocouples is almost not influenced by variations in the
electricalparameterscrossthe wafer or bythe temperature, while itransistor and resistor based
sensorspoth the sensitivity and theffset usually depend ahe position onthe wafer and on the
temperature.

4.3.1 Thermoelectric Effects

Initially, the thermoelectric effects imetal and semiconductorgelated tosuch a kind of
structure are briefly reviewed. The Joule effect is not treated herein.

a) Seebeck Effect

Whentwo different materials are joined together at one point and a temperature difference is
maintained between the joined and non-joined parts of the materials, an open-circuit voltage develops
between the non-joinedarts of this thermocouple (séeg. 4.3a). The resulting voltage\V is
proportional to the temperature differenéd ) between hot and coldnctions, and tdhe Seebeck
coefficient of the thermocouple materialandb (Qap=045- Qp) :

AV = agp. AT (4.1)

The Seebeck coefficient) of a material can be expressed in terms of the Hexrei () and
the charge carrierg]), which are dependent of temperature variations :

o.q.0T =0Eg (4.2)

In practice, it may be approximatédr the range of interesised in sensorand at room
temperature as a function of electrical resistivify:(

a=m.k.InpP/po) /q (4.3)

wherepg = 5106 Qm, m = 2.5, andck is the Boltzman constant [1].
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b) Peltier Effect

Apart from the Seebecleffect, the Peltier effectepresents another importahtrmoelectric
offset. It corresponds theatabsortion from or release tbe ambient, when amlectrical current
flows through the junction of two different materials [1][10] :

Qab=-MMap. lab (4.4)

with Qap as the heat absorbed from #mabient, iy as the currerlowing throughthe junction from
materiala to materiab, andlgp as the Peltier coefficient for a junction of these materials.

Such effect is reversible, sinbeat isabsorbed or released dependingtien direction of the
current, and it must be taken into accounthermal devicalesign using &eatingresistor because it
may give rise to considerable asymmetries. The Peltier coeffi€igg}, (in Volts, quantifies the ratio

of heat absortion to electrical current and is equal to the Seebeck coefficient multiplied by the absolute
temperature (T), called the first Kelvin relation :

Map=0ap. T (4.5)
c) Thomson Effect

An electriccurrent(l) flowing in atemperature gradientil) absorbsheatfrom or releases
heat to the ambient [1][10] :

Qth=wth.1.0OT (4.6)

whereyi is the Thomson coefficient, that is closely related to the Seebeck coefficient according to the
second Kelvin relation :

Vth=T.0@a/0T) (4.7)

The Thomsoneffect isuseful fordetermining the absolute Seebeck coefficienteatl (Pb),
which serves as a reference for all materials at temperaturesragniaemperature, becauséds a
low Seebeck coefficient and can be measured accurately as a function of temperature.

4.3.2 Micromachined Structures

In order to increasthe self-generated Seebeabitage, thermocouplesre usually connected
in series configuration, given tatal thermopile voltage equal to the unitary thermocouple voltage
multiplied by the number of series thermocouples. Moreover, in micro-thermoppésmentedover
semiconductosubstratesthe sensitivity ofsuchdevices is significantly improved by removing the

ORenato P. Ribas - TIMA 56



Maskless Front-Side Bulk Micromachining Compatible to Standard GaAs IC Technology Chapter 4

bulk material underneath the Hanhctions, in order tancrease the thermal resistance associgee
Fig. 4.3b) [11].

heat sin

material A

Vth

hot junctions

material B cold junction

hot junction /

~—_ temp.diff:

€)) (b)

Fig. 4.3 - Seebeck based devices: (a) thermocouple structure and (b) micromachined thermopile.

Since semiconductors exhibit a large Seebeck coefficient, a great leioiieen done to
realize on-chip thermopile based sensors using micromachined structuresthehw®se junctions are
placed at thenost isolategortions of free-standing structures, ahd cold junctionsver the non-
etchedsubstrate region, whichcts as heasink. Several examples have been presented in silicon
technologies, by using membraneantilevers andbridges [12]-[16].Investigations have alsbeen
developed considering GaAs processes in ord&akim the advantage bigh thermal resistance and
high Seebeck coefficient from GaAs material [17]-[21].

In comparison to silicon, GaAs presemigproximately twice the thermal resistivialue.
Such parameter is possible to be increased ev@e, up to 1Qimes that ofsilicon, if IlI-V ternary
alloys are availableTherefore the hotregions andeventual heatedevices, as used in flow sensors
and AC-DC converters, can be efficiently isolated, resulting in a lower power consumption and higher
sensitivity. Furthermore, the Seebeamefficient of AkGa;-xyAs canvary from 300 to700 puV/K by
changing the p- or n-type carrier density and the alumimote fractionx [19][22]. Onthe other
hand,the electricafesistivity which contributes tthe noiseparameter in the device performance is
slightly higher than that of silicon.

a) Figure of Merit

In order tocompare different thermoelectmgaterials, figure ofnerit for each materia{Z2) is
commonly considered [10][14][23] :

Z=0a2/(pK) (4.8)

wherea is the Seebeck coefficier, the electricatesistivity andk the thermal conductivity of the
respective material-or optimal signal-to-noise ratiothe figure ofmerit of a thermocouple &g,
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composed by the materi@sndb, has to be maximized. This is defined as :

Zan= (0a- 0p)2/ ((Paka)L/2 + (pp.kp)1/D)2 (4.9)

A comparison between some thin-flms and microelectrontoenpatible materials,
summarized in Tablel.1l, showsthat, although GaAs presents a hi§eebeck coefficient and
relatively low thermal conductivity, the elevate electricalesistivity value reduces significantly its
figure of merit. Onthe otherhand, AlGaAs layer could be significantly improvddr thermocouple
structure duringthe fabrication. Neverthelessjote that the Seebeck coefficieand electrical
resistivity parameters used to estimate such comparative value can vary strongly with dopand type and
carrier density. Moreover,the layer thickness which contributes significantly tine thermal
conductivity is not taken into account in the estimation of this figure of merit.

TABLE 4.1 - Seebeck coefficient, electrical resistivity, thermal conductivity and
figure of merit of some thin-films and microelectronics compatible materials.

Seebeck Electrical Thermal Figure
Material coefficient resistivity conductivity of merit
o (UV/K) p (LQ.mM) K (W/(K.m)) Z (106/K)
GaAs (=10t7cmr3d) -300 150 44.1 13.6
Alg 15Gag gsAs (n=1017cmr3) -350 180 16.9 40.3
Alg 45Gag 55As (n=1017cmr3) -670 130 10.9 317
Si + 100-1000 35 144 40
PolySi (=3.10'%m3) -121 8.9 29.4 56
n-Poly AMS -65 8 = 29 17.9
p-Poly AMS 135 55 = 29 12.1
Au 0.1 0.023 314 0.0014
Al -3.2 0.028 238 1.53
Sb 48.9 0.42 24.0 237
ShyTes 130 5 2.8 1200
Big.g7Skp 13(n) -100 7.1 3.1 454
Big.sShy 5Tez (p=3.10%cmr3) 230 17 1.05 2963
CuNi -35.1 0.52 19.5 121

Obs.: Values obtained from [10][14][16][19][23].

b) PML GaAs-TiAu Thermocouples

In the case of PMIHEMT processthe thermocouple structure can be creatdd the GaAs
doped layer (used for resistor) at@ interconnectiometal TiAu. In fact, the titanium isused with
gold for layer adherence, but it represents less than 10% of the TiAu composition, attewisg of
Au characteristics as good approximationfor this study. The GaAs dopedayer presents a very
small thickness equal to 0.05 pm and an electrical resistivity around toQ.9b With thea and K
values given inTable4.1, the figure ofmerit of aGaAs layer isestimated to be equal ©04.&10
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6/K. However, Z ofgold is very low due to italmost zero Seebeck coefficient. As@nsequence,
Zabfor the GaAs-TiAu thermocouple is approximately 8TG/K.

To build the GaAs-TiAu thermocouplever a free-standing structure, bathlective and
preferential etching approaches are suitable:

« In thefirst case,the suspendedsaAs/AlGaAs mesa structure limited by the selectivity of the
etchant. As discussed befomantilevers withthe maximumwidth of approximatelyl0 pm can
be created using a selectivity B®0. Thereforerespecting the minimurdimensions given in the
electronicdesign rules from PMLand illustrated inFig. 4.4, only one thermocouplean be
placed over the structure.

« In thesecond casdhe GaAs dopedayer can be keptver a triangular prism-shapédidge, as
presented foithe suspended resistor. Howevehe bulk material included in thestructure
contributes to theheat dissipation, reducingthe temperature in the hot junctiorend,
consequentlythe efficiency of thestructure. Orthe otherhand,like in the first approach, only
one thermocouple wittminimum width dimensions igplaced over the cantilever(or two in
symmetrical configuration on a bridge). Note thatuadercutting rate of abofur times lower
than the etching depth rate results in larger dielectric borders.

STR_#]. 3um

2um 2um

‘ — ¥ = =

B

10um

STR_#2 3um

7um 7um

= =S =

10um

—

Fig. 4.4 - Micromachined GaAs-TiAu thermocouple in PML HEMT process.
4.3.3 Analytical Modeling
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Although the optimization of thdesign of thermocouplesan be carriedut, in principle, by
three-dimensional modeling of the temperature distribution onstthesture, inmany cases it is
sufficient (andless costly) toanalyzesuchdevices in terms of one-dimensionalodel, ignoring
consequently temperature distributions in the thickness dimension.

Initially, two different incomingpowers can beconsidered : aheat load applied at the
boundary opposité¢he heatsink (Ng) and a power homogeneoudpplied at thesurface of the
structure Ns). Both can be generated directly @, e.g., byinternal electricalheating, or as a
consequence of irradiation (N of the structure with an irradiande:

N = N@) + N (4.10)
and
N® = Ap.e.® (4.11)

where A is the irradiated area, aads the emissivity of this surface.

Since, in practice, a sensitiagea (A) is placed at the end of tls¢ructure the power Ns is
reduced by the surface conductancehat area (@), discussed below. Ithis casethe heat flow
(Qg) transferred to the structure at the boundary is :

Qg = Ng - Ga.(ATp - ATe) (4.12)

with ATg = Tg - To, that is, the temperature difference between the boundary of the strugfuendm
the heat sink (J), andATe = Te - To, Wwhere E represents the temperature of the environment.

The power Ns, in turn, isevaluatedthroughthe parametet, which hasthe dimension of
temperature and is not dependernt @tructure position in longitudinal direction). It is defined as :

| =ATe+ Ty (4.13)
with
Tn=Ns/Gs (4.14)

where G represents the surface conductance of the structure.

Thetemperature distribution AT(x) on abridge can be obtainddom the stationary one-
dimensional heat-transport equatigrourier’'s equation), wittthe appropriatdooundary conditions,
i.e., the temperature in the heat sink (at x=0) is equapt@id at the end of the structure Xat) is
Tg [24]-[26] :

02AT(X)/0x2 - B2[AT(X) -1]=0 (4.15)
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where

AT(X) =T(x) - To (4.16)
and

B = (GJG)2/ 1 (4.17a)
or better

B.I = (GJ/GL)Y2 (4.17b)

As mentioned, g corresponds tthe surface conductanceresulted fronthe heatransfer
between the top/bottorsides ofthe suspended structure atite environment, and it igalculated
taking into accountosses byconvection and radiation. Noteat, the linearization of radiartteat
transfer isapplicableonly if the temperature difference between the structure and the environment is
insignificant when compared to the absolute environment temperature :

Gs = Gsr+ Gsc=A.[40(e1 +£2) T2 +V] (4.18)

whereo is the Stefan-Boltzmanoonstant,e; andeo are theemissivities of both sides of the
suspended structure withrea A, andy representsthe heat-transfer coefficierfor convective
dissipation. Sucltonvection heat-transfer coefficient (y) depends orthe properties of the
surroundingmedia (gas, fluid, pressureyelocity, and so on) anthe free or forced convection
conditions. For a quiet gas environment in a small package it could be estimated using [27] :

Y =Kg (di1 + 1) (4.19)

wherekg denotes théhermal conductivity of thgasatmosphere (equal to 0 wacuum), d is the
distance between the baside ofthe structure and the bottom of the etchede, and & is the
distance between the structure surface and packageSuctroefficient §) usually prevails over the
radiation one given byd{e1 + €2)T3. Thesurface conductance Gdiscussed above, lculated
similarly to Gs, but, in this case, considering the sensitive agga A

On the otherhand, G representghe thermal conductance associateith the inplane
conductivity of the free-standing structure formed by one or more layers :

GL =W/ kd (4.20)

wherew and]| are thewidth and length othe structure, respectively, arttie average thermal
conductivity (k) is defined by :

K.d =2 Kj.di-eff (4.21)

wherek; corresponds tthe thermal conductivity of individudhyers comprising the structure stack
(metallization, oxide/nitride support, insulating and passivdaggrs, suspended butkaterial)with
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respective effective thicknesgsggt. The effective thickness takes into account a factor representing the
degree of coverage of the structure by a layer :

di-eff = n.(wj / w).d (4.22)

with wj and ¢ equal to the width and thickness of layglaced ptimes on thesuspended structure.
Note that, for a layer that covers uniformly all the structure width, such factor becomes one.

Finally, the solution ofhe stationary one-dimensional heat-transport equation is given by the
following expression [24] :

ATg = {Ng + GaTe + 1[GL.Gg]VZcoth(B.)) - sinh@.) 1} / {G » + [GLGgV2.coth@.)}  (4.23)

and the total thermakesistance of the structure is obtained by dividing the temperature difference by
the total incoming power gland/or N; :

Rr =ATg/Ngs (4.24)

In order to apply these equationerein,the GaAs structures proposed were numbetkd
is, str_#1 corresponds tbe suspendedaAs/AlGaAs mesatructure, and str_#2 ihe triangular
prism-shaped bridge, as was shown in Fig. 4.4. Moreowdy,one thermocouple is considered on
a cantilever with the minimum cross sect@imensions. Initiallythe average thermal conductivity is
calculated according to the values presented in Table 4.2.

TABLE 4.2 - GaAs-TiAu thermocouple layers characteristics (PML DO2AH process).

Layer w(m) d(pum) gif(um) K(W/m.K)
SizNg Weant 0.15 0.15 19
TiAu 3 1.25 3.75 | Want 314
SiOy Weant 0.85 0.85 1.4
GaAs doped 10 0.05 0.5/ Weant 44.1
Al 25Gag 75AS 10 0.05 0.5 / Weant 13.15

*Weantis the cantilever width, i.e., equal to 14um for str_#1 and 24um for str_#2.

Note that,the effectivethickness othe GaAs bulkmaterialpresent in the triangular-shaped
bridge is equal to 5.65 pum and was obtained converting the triangular shagetimgular one with
equivalent cross section area and width equal tdotiak cantilevewidth. Furthermore, InGaAs was
not taken into account because in $iie #1 structure it is removedhile in thestr_#2 its thickness
can be neglected with respect to the suspended bridge mass. Thus :

o str_#100 k.d =90.2 pW/K
o str_#20 k.d =299.5 pW/K
Next, theinplane conductance ((is then given as a function of the cantilever ler{dthin
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microns :

estr #10 G () = 1262.8 /1 pWIK
estr #20 G () =7188.0 /1 pW/K

To calculate thesurface conductance g To was consideregéqual to300K, the average
emissivity for both top and bottom sides equals to 0.5, and the convection heat-teefifgent §)
equals to 508.3 W/AK, for Kg = 25103 W/m.K, dy = 50 pm and ¢ = 3 mm. The surfacearea
(A) is somewhat differentor the two kinds of structuredecause of théulk massunderneath the
triangular bridge :

estr #10 A(l) = 30x!| pn? and G(I) =7.7x1012x| W/K
estr #20 A(l) = 98x| pn? and Gf(I) =25.2x1012x| W/K

As a result, the factd@.l, as a function of the length (um), for each structure is :

e str_ #10 B (I) = 78.X106 x|
e str_#20 B.J (1) = 59.X106 x|

Finally, assuming that the environment temperature equals the heat sink tempegatufg)(T
if only a direct incomingpower of 1 mW is applied at the end of cantilever g\ thatis, no
homogeneous power is distributed on the surface structgre QN then thgparametet is notused,
and because of the absence of sensitiea G is zero. Thusthe temperature at thwundary (hot
region), as a function of structure length, is calculated using :

ATg(l) = Ng / [GL(I).Gs(1)] Y2.coth@.1(1)) (4.25)

In the second case, if only an homogeneous irradiationdwith1000 W/ is applied to the
whole cantilever top surfaceghé calculated for the respective irradiatedaand surface emissivity,
knowing that the gold emissivity is equal to 0.09 and th&l85i0, one is approximately 0.6 :

estr_#10 Ng(l) = 6.8%109x| W
estr_#20 Ng(l) = 12.8%109x| W

The parameter is also a function ofhe structure lengtfum), thatis, 1(l1) = Ng(I) / Gs(1),
and G is kept equal to O (absence of sensitive area). Now, the temperature equation becomes :

ATg(l) = {I(1).[GL1)Gs(N]¥coth@.I(1)) - sinh@.I(N)11} / {[G L()Gs(D] 2. coth@.I(1))}  (4.26)
Fig. 4.5 shows the behavior of the temperature difference as a functio@ stfucture length
for both cases and both kinds of structures. As expectedsitobservethat thetriangular-shaped
bridge is lesfficient because of the additionalilk massthat contributes to thdneatdissipation.
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Moreover, in the case of the homogeneous irradiation the absence of a sarestigsults in a very
low increase in temperature.

Tenp Temperature Difference ¥ Cantilever Length Temp Temperature Difference X Cantilever Length
160 T T T T T T T T T 0,12
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Fig. 4.5 - Temperature difference as a function of cantilever length: (a) only incoming power at the end
of the structure and (b) only irradiated power homogeneously distributed.

4.4 THERMOPILE BASED DEVICES

The performace of thermopile based devices is generally evaluated and optimozeghtheir
self-generated Seebeck voltage, sensitivity, detectivity and time constant characteristiceamwhbieh
obtained analytically taken into account tf@mulations presentedbove. Forthermal radiation
sensors 0AC-DC power sensorsthis optimization yields theoptimal Volt per Watt or signal-to-
noise ratioswhile for othersensorprinciples(e.g., flow or vacuum/pressure sensorsyiklds the
best ratios of thermoelectric voltage and power supply.

4.4.1 Performance Characteristics

At first, thethermoelectric voltage (Vih) generated in a deviogith n thermocouples is
given by :
Vih = N0gp AT (4.27)

with agpdenoting the Seebeck coefficient of the thermoelegtriction, andATg corresponds to the
temperature difference between the hot and cold junctions, as presented before.

On the other hand, theensitivity (S) of the device is given ke ratio of the thermoelectric
voltage and the incoming heating poweg @\ and can also be expressed as a function dhérenal
resistance :
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S= Vth/ NB,S: n.ﬂab.RT (4.28)

Thedetectivity (D*), in turn, is related to the sensitive area,JAommonlyused ininfrared
detectors and represents the reciprocal of the NEP (noise equivalent power) per unit frégency (

D* = (Ao.Af)/2/ NEP (4.293)

and forAf = 1 Hz, and assuming that only thermal noisé, T4Re|)1/2, is present irthe thermopile
structure, then it can be expressed in terms of the sensitivity characteristic (S) :

D* =S [Ag / (4k.T.Reg)]1/2 (4.29Db)

where R corresponds to the electrical resistance oftlleemopile, T ishe absolute temperature and
k is the Boltzmann constant. It is given in¥¥zm/W.

Finally, the thermatime constant (1) is calculatedhroughthe thermal resistance fRand
capacitance (¢) of the whole suspended structure :

T=Rr.Cr (4.30)

where G, given in J/K, can be estimatedths simplesum ofthe thermal capacitances of individual
layers (i), as following :

Cy =5 C; = density Wolume [heat_capacity (4.31)
i i

For more precision, itcan be weighted by thenean temperature difference to ek, as
presented in [24]. Note that, the minimizatiort @hplies a reduction of théhermal resistancevhich

will also reduce the sensitivity. This is an important trade-off depending on the application.

For both GaAs structures proposduk thermal capacitancesere calculated as &unction of
the structure length (in microns) using the values presented in Table 4.3 :

e str #10 Cr(l) = 39.51012x1 J/K
e str #20 Cr(l) = 314.61012x1 J/K
and thethermal timeconstant for bottincomingpower cases considered and both GaAs suspended
structures proposed, as a function of the cantilever length, is shown in Fig. 4.6.
TABLE 4.3 - Specific heat and density of suspended structure layers.

Material Specific heat (J/kg.K) Density (kg?)n
GaAs 350 5360
Alg.25Gag. 75AS 383 4960
TiAu 129 19300
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Fig. 4.6 - Thermal time constant as a function of cantilever length: (a) only incoming power at the end
of the structure and (b) only irradiated power homogeneously distributed.
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4.4.2 Electrical Equivalent of Thermal Parameters

For electrical engineers is commonly easier @&valuate systems interms of electrical
parameters. Fortunatelihe behavior of thermalnd electricalsystemsare mathematicallylescribed
by the samesquations. Thustemperature antieatflux are fundamentaVariables,equivalent to
voltage and current in an electrical circuit, while heat capacity and thermal resistance describe the basic
properties of a system and correspond, respectively, to capacitance and electrical resistance [28][29].

Therefore,the analogy between thermahd electrical systems,summarized inTable 4.4,
enables to describe thernslstems agquivalent electricatircuits, which isconvenient because of
the many excellent tools available felectrical circuitanalysis andhe familiarity of solving electrical
network problems. Moreovecertainboundary conditiondiave to be fulfilled at thedges of the
structure that can be translated into additional components. The most frequenly encountered boundary
conditions are prescribed temperatureatflow and conductance, whictan be represented by a
voltage source, a current source and a contact conductance, respectively.

TABLE 4.4 - Analogy between thermal and electrical parameters [1].

Thermal Parameters Electrical Parameters
Temperaturel (K) Voltage V (V)
Heat flow - PoweP (W) Currentl (A)
HeatQ (J=W.s) Charg&® (C=A.s)
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Resistanc® (K/W) Resistancd (Q=V/A)
Conductanc& (W/K) Conductances (S=0Q1)
CapacityC (J/K) Capacitanc€ (F=A.s/V)
Thermal resistivitypy, (K.m/W) Electrical resistivitypg| (Q.m)
Thermal conductivityK (W/K.m) Electrical conductivityo (S/m)
Specific heaty (J/kg.K) Permittivitye (F/m)

Note that,even though irthe true physicakensethermal power andelectrical power are
equivalent, thermal power is represented as telegtricalcurrent, andhere is no thermal equivalent
for electricalpower. Moreoverwhile geometrical dependence are similar both electrical and
thermal resistances and conductances, they differ from capacitahbesthermal capacitance is
directly proportional to the volume of th®dy andthus, forbodies ofequal composition and shape
(congruentbodies), tothe third power of the linear scalingactor. The electrical capacitance of
congruent bodies, however, increases in direct proportion to the linear daaliog Finally,there is
no known thermal equivalent to an electrical inductor [1].

The real behavior of a thermsystem is obviously non-linear becauke heat capacity and
thermal resistance are generally temperature depeti@never, dinear model of a thermalystem
or a thermakensorcan often yield ajood estimation of its characteristleehavior. For example, a
useful estimation of the real thermdime constant can be obtained from a simple model of the
temporal response of a body as a first order system, that is, an exponential function.

In many cases aumericalsolution of a model isequired,since no easgnalyticalsolutions
are athand. Inthesecases,numerical modeling of the physical situation mayused. By using
electricalanalogiesglectrical circuitsimulators, such as SPICEtevery helpfulfor time dependent
analysis. Alternatively, software packages such as ANSYS or fititerelement modelingpackages
can beused,while for simple problems onean do numerical calculationssing simple software
routines based on elementary models.

a) Electro-Thermal Converter

In the AC-DC converterand microwavepower sensor, direct incomingpower isapplied at
the end of a cantilever or in the middlebsfdges and membranes lmging aheater(resistor). An
alternate electricaturrent passes acrosthe resistor andthe generated heat byoule effect is
transmittedthroughthe structurdowardsthe sink (non-suspended part). Suobatflux generates a
temperature rise ithe suspended devic&hermal convection, irradiation and conduction represent
important parameters.
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An equivalent electrical circufior the AC-DC converter is illustrated iRig. 4.7 [29]. Ri
represents the thermal resistance of the emagrised between the heater and the hot junction of the
thermocouple, while Rs thetotal thermalresistance of the portion between the hot junction and the
sink. These values are obtained using the following equation :

(4.32)

More precisely, the resistance division @faRd R is done taken into account the actual bridge
position wherghe average temperaturefind [11]. R corresponds tohe inverse of the surface
conductance estimatessing (4.18),i.e., RR= 1/ Gs. In turn, G and G correspond tahe thermal
capacitance of respectivegions,estimatedusing (4.31).Anelectricalsimulation output ishown in
Fig. 4.8, and the results tdmperature difference ariche constant for both structurese given in
Table 4.5.

Fig. 4.7 - Equivalent electrical circuit model of electro-thermal converter.
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Fig. 4.8 - Electrical simulation of electro-thermal converter.

b) Infrared detector

In the case of the infraredetector, where an irradiation is homogeneouwsiplied to the
structure, the method consists in dividing the whole structure inn small portions, i.e.,
dx = length / n, as depicted in Fig. 4.9. Egmrtion dx is represented by a sub-circuit containing
the proportional incoming power (I =9V n), thermal resistance gr= Rt / n), thermal capacitance
(Gii = Ct / n), and surface conductances(R 1 / n.Gs). The values of € and R are calculated
using (4.31) and (4.32), respectively, angtGrough the expression (4.18).

Fig. 4.9 - Equivalent electrical circuit model of infrared detector.
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These circuits are placed in series configuration to represent the whole device. The precision of
the model is improved by increasing the number of divisions (n), or rediicifighe output from the
electrical simulation is shown in Fig. 4.10, and the results are presented in Table 4.5.
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Fig. 4.10 - Electrical simulation of infrared detector obtained using SPICE tool.

4.4.3 Finite Element Method Simulation

Both proposed GaAs-TiAu thermocouples were also evaluated thkitrsimulations. The
three-dimensional solichodel for both cantilevers(str_#1 and str_#2) werereated and simulated
consideringthetwo kinds ofincoming powers, presented in th@reviously discussed methods of
analysis. Static and transient simulationgere carried out in order to obtaithe temperature
differences and the time constant parameter. These rasellfgesented ifable 4.5 and compared
to the analyticaformulations ancelectrical circuitmodels.The illustration of the thermocouple FEM

geometry and an output obtained frahe transien@nalysisare shown inFigs. 4.11 and 4.12,
respectively.

DRNRNANNC 55

Fig. 4.11 - GaAs-TiAu thermocouple solid model for FEM simulations.
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[afm=Tiktu Therreeouple ¢ ETC mer_Bi

Fig. 4.12 - Results from a FEM transient simulation.

TABLE 4.5 - Temperature difference and time constant of 200 um-length GaAs-TiAu thermocouples.

ATpg T (M9
anayptical electrical FEM anaftical electrical FEM
ETC str_#1 160.0 160.0 121.8 0.6 0.2 0.4
ETC str_#2 28.0 27.8 25.2 0.8 0.3 0.4
IR str_#1 0.11 0.10 0.15 0.3 0.5 0.6
IR str_#2 0.036 0.034 0.031 0.4 0.7 0.6

Obs.: ETC - electro-thermal converter (ImW); IR - infrared detector (100G)W/m
4.4.4 Fabrication and Experimental Results

The fabrication and characterizatitests of infrared detectors and microw@eever sensors
are inprogress. Unfortunately, no usefexperimentalresultsare available at thpresent time. In
Fig. 4.13 isshown the microwave power sensor, orelectrical-thermalconverter, while the
microphotograph of a thermopile-based infrared detector composed by 20 GaAs-TiAu thermocouples
is shown in Fig. 4.14.

4.5 (OONCLUSION

The investigation of micromachined thermal-based deviees shownthe feasibility of
suspended passive and active electronic devices, which can be efficiently exploited in future works for
a large number of promising applications. f@a otherhand, this chapterwas dedicated mainly to

ORenato P. Ribas - TIMA 71



Maskless Front-Side Bulk Micromachining Compatible to Standard GaAs IC Technology Chapter 4

thermopile-based devices, because of the interesting features presenteapsheaterialsuch as
high thermal resistivityand significant Seebeck coefficiediwo kinds of GaAs-TiAu thermocouple
structures, which take into account the selective and preferential ebdtiagiors, were proposed to
the PML HEMT process.Three different methods ddnalysis,i.e., the analyticalformulation,
electrical circuit model and FEM simulation, were caroed, and showedthat the microwav@ower
sensor is very useful in MMIC design, whtlee infrared detectgoresents a lowperformance due to
the absence of the sensitigeesa or black layer in thkot region. Fabrication andexperimental
measurements are on going.

Fig. 4.14 - Infrared detector composed by 20 GaAs-TiAu thermocouples.
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Chapter 5
MICROMACHINED MICROWAVE PASSIVE DEVICES

Besides microsensoesd microactuatorsmicromachining techniquesre also very useful to
enhance microwave and millimeter wave passive devices and circuits. In general, the etching of
bulk material underneath microstrip lines reduces significasttiyntparasitic capacitances and
substrate losses, commonlycritical in silicon processes. The GaAs front-sideulk
micromachining compatible with the PML HEMT DO2AH process presents interésinges
such asthe smallopenarea width, the numeroussuitable etchants,and the availability of
MMIC design.Initially, the microstrip transmission theory Igiefly reviewedand theshunt
capacitancereduction issuspendedines are evaluatedthrough computing simulations and
experimentameasurementdNext, anovel micromachinedplanar spiral inductor, with each
strip suspended individually, is presented. Significant improvemefigaator and resonant
frequencies have begedicted by theoreticahnalysis and verified through measurements
carried out up tol5 GHz. Atwo interleaved spirainductor structure, inl:1 transformer-like
configuration, hasalso beerfabricated in order to demonstrate tipeomising capabilities of
this new micromachineddevice. Finally, mechanical and heating characteristicslated to
suspended microwave passive components are investigated.
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5.1 INTRODUCTION

Monolithic microwave integrated circuits (MMIC) are rapidiytspacing discrete and hybrid
components in wirelessommunicationmarket. Suchincreasing interest in MMICs is a result of
several emergerapplications)ike mobile products,satellite receptiofGPS and DBS), millimeter-
wave radiometers and automotisgstems.The reasonsare embedded in thellowing promising
attributes of the monolithiapproach : low costyolume manufacturability, improved reliability and
reproducibility, small size aneveight, low power consumptiorgircuit design flexibility, multi-
function performance on trehip, aswell as thebroadband performance due ttee elimination of
undesirable parasitic influence caused by wire bonding and embedded active components [1].

With recentadvances in microelectroniqggocessessilicon based bipolar transistors and
FET's with GHz cut-off frequencies f;) are nowadays available for radio-frequency (RF)
applicationg2][3]. Nevertheless, GaAs, whose IC proceds®ge shown animportant increase in
fabricationyield, continues to béhe most useful technology atich broadband frequenaoyainly
because of its higher carrier mobility and the semi-insulatirgstrate characteristics. GaAs based
technologies, such ase 0.2 um HEMT DO2AH process from Philipdicrowave Limeil (PML),
which provides pseudomorphic high-electroobility transistors (P-HEMT's) withf; up to around
60 GHz, are commercially available for monolithic microwave and millimeter-wave applications [4].

However, integrated RF passive componentgaiticular planamductors, represent one of
the key element®r MMIC design,because of theow performance at high frequencies caused by
lossesand parasitieeffects. In silicon, withthe advent ofSiGe-HBT and submicrotechnologies
which allow transistors with performances comparable to Gaks, agreat efforthasbeen realized
in order to provide silicon-compatible inductors wattceptable qualitjactors (Q), by considering,
e.g., multilevel interconnect processes, high-resistsutiystratesand Cumetallizationinstead of Al
for interconnections [5]-[12].

In GaAs, on the other hand, to minimittee thermal resistanddroughthe substrate, e.g. for
FET power amplifier applications, it is desirableus®e a wafer athin as practicalHowever, athin
wafer increases even motiee circuitskin effect losses,and consequently the signal attenuation.
Furthermore,since heat-sinking requires bottom-sineetallization of thechip, additional shunt
capacitance to ground is introduced and corrections must befatgolanar inductors to account for
‘image’ currents due to the ground plane [1].

Micromachiningtechniques, in turnhave been efficiently applied to reduce high-frequency
losses and parasitic capacitances in planar lumped devices, for which the physical lengtimeishe
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assumed shorter than one-tenthtled wavelength at the desired frequencyopgration, such as
microstrip transmissiorlines, coplanar waveguides, planar spiral inductors andransformers.
Membrane-supported and shielded components are easily constwittietC processcompatible
micromachining [13]-[20]. Other specificprocesses,commonly not compatiblewith electronic
circuitry, can provide even morsuperior performance bygreatingtall metal transmissionlines,
vertical inductors and adding magnetic core [21]-[27]. Among all these techniques, the front-side bulk
micromachining is certainly the simplest amobst efficient approach to micromachined microwave
passive devices since a straightforward masklessprocess wegtching isenough torelease the
structure, with no modifications ithe IC fabrication and no influence on the unconcesiectronic

blocks [13]-[15].

In this chapter, free-standing microwave passive dedpepresented taking into account the
PML GaAsHEMT DO02AH process. Aminimum openareawidth value of4 um, accepted irthis
technologyfor micromachiningpurposes, allowshe realization of planaspiral inductor structures
with the strips suspended individually. This novel structure is easfabrioate than thevell-known
membranerersion becausthe etchingime depends only onhe line width and notthe number of
spiral turns, reducing, consequently, the possibility of damage in the pad metallization and passivation
layers caused by certagtchants. Moreover, besides shunt capacitances, fripgiragiticeffects,
very critical in planar spiraransformersarealso significantlyreduced Another important feature is
the fact thatsuch PML process isavailable to MMIC design, allowing the directuse of these
suspended devices in microwave and millimeter-wave circuits.

Initially, the microstrip transmissiolne theory is brieflyreviewed, andhe behaviour of the
free-standindine as afunction of the etching depth is evaluati&tough computer simulations and
experimental measurements. Nextthe lumped equivalent circuimodel, theoretical analysis,
fabrication and test ofuspendedplanar spiral inductorgre presented. A twanterleaved spiral
inductor device, in 1:1 transformer-like configuration, has bEen modeled and fabricated, and its
performance is as well evaluated arder to demonstratéhe promising features othe proposed
structure. Finally, tocomplete this study, heating andmechanical characteristics a$uch
micromachined devices are briefly discussed.

5.2 MICROSTRIP TRANSMISSION LINE

Basically, four types of transmission linese available on planaubstrates microstrip, slot
line, coplanar waveguide and coplanar stripline [28]. The microstrip line structure, as provided by the
PML DO2AH process on a 100 um-thidkaAs substrate, consists ghcing ametal strip above a
conducting(or ground) plane, withthe substrate andntermetallic dielectriclayers sandwiched
between the two conductors, as illustrated in Fig. 5.1a.

ORenato P. Ribas - TIMA 77



Maskless Front-Side Bulk Micromachining Compatible to GaAs IC Technologies Chapter 5

5.2.1 Theory review

The equivalent lumped modehich represents small subsection per unit length oflassy
microstrip transmission line shown inFig. 5.1b, where R isthe series resistance tfeline, L is
the associated inductance, C representsltiiatcapacitance to thgroundplane and Gorresponds
to the dielectric and bulk conductances, which is usually negligible in semi-insulatingsGlagtsate.
Note that, all elements are defined per unit of length.

(@) (b)

Fig. 5.1 - Microstrip transmission line: (a) structure and (b) equivalent lumped model.

Therefore, the input impedance of the microstrip depends on the values of R, L, C, and G, the
line length, andhe termination at the fand. Thus, inorder to simplifythe description ouch a
circuit, a reference impedancealled characteristic impedance (Zo), is commonly used. The
characteristic impedance oftransmissiorine corresponds tdéhe impedance measured at the input
considering infinite the linéength. Undertthese conditions the type of termination at the far end has
no effect on the characteristics of the transmission line.

Moreover, electromagnetic waves travel at the speed of light (c £r8/8Din free space. In a
transmission line, othe otherhand,the voltage and curremropagationsare delayed due ttheir
interaction withthe line material. The inductane@d capacitanca&long the line reduce the effective
propagation velocity, alsknown asphasevelocity (v). In quasi-statianalysis,the mode of wave
propagation in lossless microstrip is assumed to be pure TEM.

As a result, bothcharacteristic impedance armhase velocity dependent only on the
permeability () and the permittivityg;) of the insulating medium, and can be estimatedsing the

following equations [28] :

= imm% + O.ZS%Q for Wihs 1 (5.1)

L
\c Ve & EWe
and
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v(m/s)= 1 _.¢
N (5-2)
where
.., 125t AnW [
W, =W+ =2 %*'”TD for W/hs 1/2rt (5.3)
and
-10 B -
L&+l &-1 1 00451_W[F g -1_t/h (5.4)

+0.04- 0 - ‘
°" "2 2 Harzhw O hOH 46 ywh

The capacitance C and inductancenthere L represente self inductance ofhe signalline
minus the mutual inductance of the return current in the back-side ground plane, can be estimated as &
function of the characteristic impedance and the substrate permittivity by using :

C (pF/um) = 3.38103.(g)12/ Zo (5.5)

L (nH/um) = 3.35106.Z0.(,)1/2 (5.6)

In terms of losses, there are numerous reasons for the attenuation of a signal traeeigiy
a transmission lineRadiation losses occur because the signal energy radiaesy from the
transmission line, andan be minimizedvith careful shielding othe lines. Mismatch losses are
caused by part of the signal reflectitgvardsthe source,e.g., this could happen because of a
mismatch between the load impedance and the characteristic impedancenmirdisérip. Conductor
or resistor losseare caused by the resistive nature of the conductiedium, knowingthat at
microwave frequencies the signal flow is concentrated in the surface layer of the conductor, where the
current density is maximum, and decreases exponentiallytettdepth into theconductor. The
penetration of the currerilow is defined by theskin depth (d), which, for sine wavesignals,
depends on the conductor resistivip),(thesine wave frequencyd), and themagnetic permeability
of free spacelo) :

d=[p/ (1po0)]¥2 (5.7)
The exact calculation of th&equency-dependent resistance ofnatallic conductor with

rectangulaicrosssection is a very difficult task archn bedone only usingsophisticated numerical
methods. An empirical expression of the resistance value per unit length is [29][30] :

R= RO(1+ leWZ(K2+Ksz2)) (5.8)
where
Xw = (20.0.u.w.)12  represents the normalized frequency (5.9)
and
Ro = (O.w.t)1 is the DC resistance of the conductor (5.10)
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with
0 - frequency in Hz;
0 - conductor conductivity;
H - conductor permittivity;
w - conductor width (um);
t - conductor thickness (um);
K1, K2 and Kg - fitting parameters.

Dielectric losses, in turnare introduced if thelielectric medium isot a vacuum. This is
because the medium wilbsorbpart of the energyrom the signalpassing through it. Fomost
practicalapplicationsthe dielectridosses from DQonductivity and théhigh frequency dissipation
factor can be ignored. Anyway, the shunt conductance per unit length (G) depehdsyeametrical
features of the conductors in the same way as the shunt capacitance (C), and it is given by :

G =w.C.tanp) (5.11)

wherew is the angular frequency, and @ni€ the dissipation factor of the substrate which represents
the ratio of the imaginary part to the real part of the dielgogimittivity. Finally, hysteresis losses
occur when ferrite materials ansed as anediumfor microwave signals to propagate, ahdy can

be minimized by plating the ferrite material with a conducting metal.

Conductor and dielectric attenuation constamgs(idag, respectively), in dB per uniéngth,
can be estimated using the following equations [28] :

R, 32-(W,/h)

o, =13\ —=-0 for W/h< 1 .
¢ hz, 32+(W,/h) (512)
and
&1
a4 =520.810———
d JEs (5r _ 1) (5.13)
with
A=1+-1 541250 125, AWH fo e 1/2n (5.14)
W, nmw m t
Rs= (Lf.th.po)Y2  wherepg is the strip conductor resistivity (5.15)

0 =w .£x.ertan@)  which represents the dielectric substrate conductivity (5.16)
To model the frequency behavior of the spimadluctors and transformershe fringing
capacitance between te&ips andhe shuntcapacitance betwedhese segments aride back-side
ground plane must be taken into account. A ‘coupled line’ configurabosists of two transmission
lines placed parallel to each other in clpseximity. In such a casdhere is acontinuous coupling
between the electromagnefields of thelines. The capacitances depicted Kig. 5.2 can be
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approximated by simple formulas as presenteg@1). Considering theseapacitanceslistribution,
the total even- and odd-mode capacitance®(d G, respectively) are written as :

Ce=G+G+& (5.17)
Co=GC+ G+ Cyat Cyd (5.18)

where G is the parallel plate capacitanedd G, Cf’, Cga and (gq represent thevarious fringing
capacitance effects. They can be estimated using :

Cp = eo.Sr.W.h_l (519)

Cr = (€e)1/2/ (2..20) - G / 2 (5.20)

Ci =Ci/[1+ A.(h/s).tanh(8.S/ h)] (5.21)
with

A = exp[-0.1 exp(2.33 - 2.53 W] (5.22)

W s W Cga Coga
}_/_l_

| — | —
| | | | I | S - —L\—{ L
ct ' cp' cr! 'ect 'cp ' cf cf Cp Cgd Cgd Cp cf
€)) (b)

Fig. 5.2 - Coupled microstrip lines : (a) even- and (b) odd-mode capacitances.

Cgals the capacitance term in odd-mdde fringing field acrossthe gap, inair region,and it
IS obtained from an equivalent geometry of coplanar strips, given by :

cga=€—7<;|n%i:%§ for 0<k2<0.5 (5.23)

Cya = T, /IN i:gé for 0.5 k2<1 (5.24)
where

K=(1-13) (5.25)
and

K=S/(S+2.W) (5.26)

Cga: in turn, representthe capacitance indd-mode for fringingfield acrossthe gap, in
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dielectric region. It is evaluated by modifying tb@respondingapacitancéor coupled striplines as
following :

€o

Cao = 2 Inf coth( 7S / 4K} +0.65G @%\Eﬂ—s‘z@ (5.27)

T

5.2.2 Micromachined microstrip

As presented in Chapter 3, front-side bolicromachining can be efficientiysed tobuild
free-standing microstrips, with no constraintsselective and preferentiatching, since no GaAs
material is kept underneath the conductor. The main intergsicn a kind of transmissidime is the
significant reduction oflossesand parasitic capacitanceghich appear duringGHz frequency
operation.

The use of arair gap layer between thmetal lineand theground plane is not really a new
strategy to improve the performance rmofcrostrips. Suspended anaverted microstriplines, as
shown inFig. 5.3, areknown since the end of th60s. They present a higher quality factor and
wider range ofimpedance values than conventionaktrostrips, and amnalytical formulation for
these linedasbeenproposed byPramanick and Bhartig2]. However, suctkind of linesare not
fully compatible with microelectronics technology, and the closed-fxpressions described in [32]
can be used for micromachined lines only in the tasethe maximum etching depthrisachedthat
is, all bulk material beneath the line has bemmoved. In this cas¢he heighta in Fig. 5.3 ismade
as small as possible, while heidghtorresponds to the substrate thickness.

(a) (b)
Fig. 5.3 - Suspended (a) and inverted (b) microstrip lines.
On the othehand, in order tmbtain similarimprovements, transmission linbsilt using an
air bridge technigue ar@so presented ithe literature byGolfard andTripathi [33]. The microstrip
properties as a function air bridge heightvere investigated anshowedthat Zoandee change too
rapidly to be physically possible, resulting in a decrease of capacitance value of 353i@r lsigh
air bridge, while the shift in the inductance per unit length is very gma&l?o) for air bridges up to
10 um of height. However, such technique is limited to some structure dimensions and geometries.
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Micromachinedlines, in turn,present several advantagesch asthe use of standard IC
processesflexibility in the structuregeometry, goodnechanicalproperties,electronic compatibility
and straightforward manufacturing procedure. Moreover, it is well kribatone of thereasons for
the high-frequency distortion in planar transmission linegeasmismatch in permittivity between the
substrate and air, which caussagergy to radiate into theubstrate as a shock wawWwhen the bulk
material is etche@way, the inhomogeneouslielectric medium encountered by takectric field is
eliminated, avoiding consequently radiation losses [16]. On the other hand, alfthewéctrical and
magnetic fielddistributionsare slightly modified by micromachining, they could becurately
considered identical for evaluation of their influence on the near circuitry.

The effective permittivitthasbeen computedsing a 2Delectromagnetic methodorking in
spectral domain [34]. Such analysis has shown that it is not necessary to obtain high air gap, since the
€e decreases exponentially withe etchingdepth, asillustrated in Fig. 5.4. As aresult, the
capacitance between theres andthe back-sidgroundplane is expected t@duce,e.g., twice by
removing only 5% otthe substratematerial underneath thdine. Consequentlythe characteristic
impedance as well as the phase velocity should increase, according to the equations (5.1) and (5.2).

(a) (b)
Fig. 5.4 - Micromachined microstrip: (a) cross section view and (b) effective permittivity and
characteristic impedance as a function of air gap height.
5.2.3 Experimental Results

Suspendednicrostrip lines were fabricated with different etcholgpths in order tevaluate
the influence of micromachinindielectricarms of5 pm width wereplaced at intervals cf00 um
along the long lines to avoid mechanical problems, as shown in Fig. 5.5 for a 0.5 mm-length line.

Two-port S-parameter measurements were performed at frequentiesOid to 15 GHz
range, usinghe HP8510B networkanalyzer and Cascaddicrotech probe station. Openshort-,
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thru- and 500 structures weravailable on asstandard substrate f@OLT calibration. Moreover,

open and shortircuit test patternsvere probed to measure pad parasitrsde-embedding. The
measureddata were transmitted to a computésr automatic parametegxtraction. Prior toeach
acquisition, an additional procedure based on the Y-parameter subtraction method was used to remove
the parasitic effects from the propeads. Suchest environment and procedure were also applied for

the other microwave passive devices discussed later in this chapter.

100 pirm

Fig. 5.5 - Microphotograph of 0.3 mm-length suspended microstrip.

The distributed circuit parameters R, L and C were deducedchfrequency point from the
propagation constant and characteristic impedance of the microstripising the classical
Telegrapher's transmissidime equation[35]. The measurediatashowedthat both L and C are
relatively invariant as a function of the frequencyopgration, as shown fig. 5.6a for a5 pum-
width and 2 mm-length microstrip. Moreover, irespect to the etchingepth, C exhibits an
exponential decreasing withe air layerthickness, and agreesell with the computed effective
permittivity shown inFig. 5.4b. Onthe otherhand, L isnot really affected by micromachining
because it is predominantly determined by the magfieticexternal tothe conductor and GaAs
substrate, and dielectrics (Si@nd SgN4) are not considered as magnetic materials.

5.3 RECTANGULAR PLANAR SPIRAL INDUCTOR

In MMIC design,planar spiral inductors allowtrong couplingamong individualturns and
thus provide high values afductance on a smadlrea. However, it is aritical component to be
integrated because of the undesirable parasitics prestig inmped element, whiotause among
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others effects, a significant reduction in the self-resonant frequency and the broadband operation. Due
to these reasons, planar rectangular spiral inductor devices, like the one provitiddl,ldyave been
widely studied and modeled in the literature [36]-[42].

— Standard Line
—5— Free Standing Line 8 um
—4— Free Standing Line 22um

—*— Free Standing Line 36um SF5% mraetrs] Flrrsiriy frescharin Lisr
—¥— Free Standing Line 42um
—#— Free Standing Line 45um

0 2 4 6 8 10 12 14 ' " : "B
Frequency (GHz)

(a) (b)
Fig. 5.6 - Inductance and capacitance, per unit length, of a 5 um-width and 2 mm-length microstrip
versus(a) frequency and (b) air gap height.

5.3.1 Design Considerations

As can beseen inFig. 5.7a, besidesthe intrinsic inductance and resistanoehaviors
associated witlthe metalline, coupling capacitances between spisggments, asvell as shunt
capacitances and conductances betweestthes and back-side groumdane are presen#t3]. The
classical lumped element equivalent model is depictédgn5.7b. Inthis circuit, Ls represents the
self andmutual seriesinductance of the structure astiould beestimated taken into account the
mirror coil underthe ground plane[29][37]. Moreover, R representshe series resistance of the
metallizationand includes a frequency dependé&rm related to theskin effect and other high
frequency parasitics, discussed before for microstrip lines.
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(a) (b)

Fig. 5.7 - Planar spiral inductor: (a) intrinsic elements and (b) lumped element equivalent model.

Furthermore, €is the coupling capacitance between rietal segments in botHielectric and
air regions,while G and G are theshuntcapacitances between thtgips andhe ground plane. &
and G, correspond tahe conductivity of thebulk material, frequenthyneglected in semi-insulating
GaAs substrate. Notice that, such substrate conductance representshengriotipaldrawbacks of
planar inductors on silicon.

To calculate the total inductanceg &f a spiral structure a somewhat complex method must be

used. First, the coll idivided up into discrete straighegmentsthat correspond teachside of the
rectangulaispiral. Then, kis estimated by theum ofthe self-inductances @il the segments (i)

and the mutual inductances between parallel strips, for both positive and nedhterece, knowing
that the positive mutual inductance {Mbccurs whercurrentflow in two conductors is ithe same
direction, and the negative one {Nh the opposite sense. Thus :

Ls=Lj+ My + M. (5.28)

and to calculateil-M+ and M the following function I,GMD) is useful [36][37] :

0O 2 O > 0
(I, GND) = 2.10°4| Bn%+\/l+l—25—\/1+ GMD +G'\|"Dg (5.29)
5 GMD*“{ | .

wherel is thestrip length, in micronsThe GMD (geometric mean distance) ofcanductorcross
section is the distance betweyo imaginary filaments normal to theross section, whoseutual
inductance is equal to the self-inductance of dbrductor. For aectangularcrosssectionwire, a
good approximation of GMD is obtained with :

GMD = 2235.2 { +1) (5.30)

wherew is the width and is the thickness of the strip, in microns. Makingtke, self-inductance for
each segment;jl{nH) is equal to I(GMD), using the respectiteand GMD values.

The GMD betweentwo conductors ighe distance betweetwo infinitely thin imaginary
filaments, whosemutual inductance is equal to the mutual inductance betweetwtheriginal
conductors. It is calculated using :

IN(GMD) = In(d.104)-{[1/12(d/w)2]+[1/60(d/w)4]+[1/168(dw)6]+[1/360@W)8]+...}  (5.31)

whered is the distance between the tramdnters, in microns. Thusaking into account thifast
expression ofGMD and consideringhat frequentlysuch segmentsre of differentlenghts, to
calculate the mutual inductance M between two parallel top-side segments the fuhGigiD)(must
be applied twice, that is :
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M = 1(1,GMD) = I(15,GMD) - I(In,GMD) (5.32)

where
la=(@ +1")/2 (5.33a)
o=@ -1")/2 (5.33b)

andl’ andl” correspond to the strip lengths, considelinge longest one.

The mirrorcoil underthe groundplane is treated as if wtas another physicaspiral, on the
same exaatlimensions aghe actuakpiral, but located at twice theubstrate thickness distance, and
with currents flowing in opposite directions. Therefdlee mutual inductancigom the top-sidecoil
and its groungplane reflection is estimatadsingthe procedure describedove, withthe exception
that the GMD does not need to be computed, since the segments are so widely separated.

Moreover, note that each mutual inductance between togstsigde isadded twice in théotal
inductancevalue, since this inductance must be added to Wi segmentswhile the mutual
inductance to the mirror coil is only countede, because the reflected spiral is nosaries with the
top-side one. Finally, the effects of phase shifting on inductance and capacitance values, discussed by
Krafcsik and Dawson [37], were not considered in this work.

The most important characteristics thfe inductor are the input impedancenjZ the self-
resonant frequency g and the quality (Q-Jactor. The resonant frequency decreases when the
number of turns and, consequentlye line capacitancecreasesSince theinductorsare applicable
only for frequencies bellowds it is highly desirable tanake the ratio osuch frequency to the
inductance value as high as possible.

The Q-factor of the inductor is defined as the ratio of the imaginary part to the real part of the
input impedance value, being so dependent of the operation bands, TQ&tctor increases with the
frequency up to the peak value atrps athigher frequencies. This &asilyunderstood byhe fact
that the reactance ofinZ dominated by the inductance lawver frequencies, rolls off atigher
frequencies due to thiginging and shunt capacitances. Therefdhe, maximum Q-factoand the
frequency at this point are important to guarantee the inductive behavior of the structure.

These characteristics can be calculated taken into accouninthen@tion, obtained from one
side port of the device with the other one grounded. Thus, considering :
Zin(w) = a(w) + j B(w) (5.34)
they are :
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« Impedance module (f): 1Zin(w)| =/ a(w)? + B(w)? (5.35)
» Impedance phasei@g): Zing(w) = tg'l(,B(w)/a(w)) (5.36)
« Reactance (X) X(w) = B(w) (5.37)
* Self-resonant frequencywfey:  Wesd B(w) =0 (5.38)
« Quality factor (Q): Q(w) = B(w)/a(w) (5.39)
« Maximum quality factor (@ay): Qmax = Q(wg) (5.40)
» Frequency of @yax (wo): wo 0 0Q/dw =0 (5.41)

The GaAsHEMT DO2AH process allows tduild rectangular planar spiral inductors up to
15 nH, using width and spacinigne values ranging frond um to 15 um.Moreover,the lumped
equivalent circuit modgbroposed byPML presentsadditionally seriesinductance elements (). at
eachsideport, asdepicted inFig. 5.8. Tocalculate the electricahductor characteristics, described
before, the resultant equations from the PML model to obtain the vargldeandf3(w) are :

a(w) = a1(w) / A(w) (5.42a)
B(w) = Ba(w) / A(w) (5.42b)
where
01(w) = A(w) . C(w) + B(w) . D(w) (5.43a)
B1(w) = Bw) . Cw) - A(w) . D() (5.43b)
A(w) = C(w)? + D(w)?2 (5.43c)
and
AW=R-ALHR.G+G+2Q +WARLAG.C+ GG+ GG (5.44a)

B =tP.Ls LA (G.Co+ G.Cs+ G0 - P Lp(Ls G+ Ls Co+ 2L CGs+Lp G+ Lp C) +wals+  (5.44b)
2Ly

CW=6#LsLp(G.Co+ GG+ G0 -6R (s G +Ls Gt Lp G +Lp G +1 (5.44c)
DW=wR.G+X-PRLG.G+GCG+ G (5.44d)

The model element values are provided in the foundry desagual[4]. Taking into account
such values, for instancthie maximum Q-factoand self-resonant frequency df5 nH inductors
from PML are approximately 15 (&8 GHz) and30 GHz, respectively, while 45.0 nH inductor
presents the Rax of approximately 4.5 (at 1.7 GHz) anddfequal to 3 GHz.

As presented for microstrip lines, the performance of planar inductors can also be significantly
improved by creating an air gap layer underneath snecture, in order taeduce theshunt
capacitanceeffects. Although partiallysuspended GaAs inductol&ve been successfullgalized
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usingair bridgedlines, showingapproximately &27% decrease in the effective capacitance of the
spiral, thistechnique is somewhat problematic to constaachpletelyfree-standing devicegasily
obtained using micromachining approaches [33].

Fig. 5.8 - PML lumped equivalent model for planar inductor.

According to the formulations giveabove, and consideringthe model elementvalues
provided by PML and the shunt capacitance reduction predicted for a single micromachined microstrip
line, abrief theoreticabnalysisshows that, for aetched depth oaround5 pm, improvements of
80% inthe maximum Q-factoand 77% in resonant frequenaye expectedor a 1.5 nH inductor
(Re=7.22; Ls=1.5nH; ,=0.0nH; G=15.5fF; G=8.8fF and G=3.0fF), while forlarger structures it
could be even more significardftaining 133% and118%, respectively, for al5 nH inductor
(Re=23.712; Ls=12.2nH; Lp=1.4nH; G=200.0fF; G=144.4fF and G=2.2fF), asillustrated in
Fig. 5.9. Note that,the frequency of the Qux also increases, suggestitige applicability ofsuch
micromachined planar inductors at higher broadband operation.

5.3.2 Experimental Results

Like presented by Chang &t [13] in silicon technologythe construction of a membrane-
supportedplanar spiral inductor is also easitgalized byusing this approach (sdeig. 5.10a).
Moreover, a noveplanar inductor withthe strips suspendedhdividually is possible,taking the
advantage of small opareadimensions usetereinfor micromachiningpurpose, asllustrated in
Fig. 5.10b.
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Fig. 5.9 — Estimated input impedance (a) and Q-factor (b) of 15 nH inductor with suspended segments.

Both versions present vemjistinct characteristics. In terms of thmst-processetching
procedurethe membraneequires longer etchingme for completesuspension, which corresponds
approximately to the underetching rate multiplied by the half membradth. In the second
structure, sucletchingtime isequivalent to thabne required tsuspend aingle line,thatis, the
underetch rate multiplied by the half segment width. Note that, as a result, it is independetutalf the
spiral dimensions or turns number.téims of theelectricalbehavior,since the lines are completely
isolated byair, aneven more significant reduction in thienging parasiticcapacitances isbtained.
Mechanicalproperties and heating dissipation ateo dissimilar, andhey arediscussed irdetails
bellow.

y sy 4

€)) (b)

Fig. 5.10 - Suspended planar spiral inductor: (a) over membrane and (b) with isolated strips.

An 1.1 nH inductor, formed by 4 spiral turns addum-width and 5 pm-space segments,
was fabricated on a dielectrimembrane, as shown kig. 5.11a. However, because of the small
inductance value theesonant frequency occurs far fraitme limit of the operation frequency of
15 GHz imposed by the test environmeseeFig. 5.11b), and no useful information could be
extracted from the measurements.
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In the case of the structure presensogpendedsolatedwires, two planar spiral inductors
were fabricated and etched4&® nH inductor formed by 6 spiral turns a®dum-width and9 pm-
space segments (skeg. 5.12), and al2 nH inductor with 10turns,and5 pum-width and 6 pm-
space segments. In the 12 nH inductor structure, thin dielectric arplaesd afour corners of the
5 most external spiral turns to prevent eventual mechanical fracture, as shown in Fig. 5.13.

At low frequencies, measured inductance, whielm be easily obtained in terms of Y-
parameters asstElm(1/Y12)/w, agrees well withthe predicted theoreticalalues. Notice that, the
negative mutual inductances due to image spiral are eqQaB toH and1.1 nH for the4.9 nH and
12 nH inductors, respectively, representingore than 5% of the total lvalue. The measured
resistive component,R Real(1/Y;7), is close to the DC resistance of the metal line.

[y i
4 a5
i | - Qrdor standard inducior
_ ____ 20 a— O for suspended induchar (10 um)
E o F L tor sspenched Incucian (4Uum)
; 1
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Fig. 5.11 - Planar inductor of 1.1 nH over membrane: (a) microphotograph and (b) measured Q-factor.
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Fig. 5.12 - Inductor of 4.9 nH with isolated strips: (a) microphotograph and (b) measured Q-factor.

ORenato P. Ribas - TIMA 91



Maskless Front-Side Bulk Micromachining Compatible to GaAs IC Technologies Chapter 5

The extracted capacitances, on the obfard, whichare directly given by EIm(Y11+Y12)
and G=Im(Y22t+Y21) /w, are50 fF and65 fF for the 12 nH standard or non-suspended inductor,
while a much lowewraluedown to3 fF was obtained withthe micromachinedtructure However,
the G value was found to bepredominantly determined by the spiral and centeragerpass
capacitance, not influenced by micromachining. The extracted values are summaiizddeirb.1
and illustrated in Fig. 5.15. Furthermore, the equivalent element model behaviorvegjlerith the
measured S-parameters, as illustrated in Fig. 5.14.

—+— Q for standard inductor

—— Q for free standing inductor (8 um)
—2— Q for free standing inductor (22 um)
—*—Q for free standing inductor (42 um)
25 T T T T T

20 | ]

15 F B
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10 [ ]

0 L | 1 | | | Ly :
2 4 6 8 10 12 14

Frequency (GHz)

€)) (b)
Fig. 5.13 - Inductor of 12 nH with isolated strips: (a) microphotograph and (b) measured Q-factor.

w— dB(S11) < - - Argls11) Moded
i dE(S21) 4 - - AFgSZ1) Moded
— dBEE11) A& - AMgiS11) Free-standing indwotor
e dEER 7o AGISZ1) Free-standing indweior
o , , e &0
I e i
______}5: H; ] 40
= o Py )

dB (5]
o
B
aif“f‘
yoo
[5iEny

15 . N a0
F t i

. } +-. . | a0
= l con Ty o !
— - T AN Foug 1

1 i £ Jh"""! -80

s Lol ) MR ) M| Ty |

Q.1 1 10

Frasgjuancy (GHZ)
Fig. 5.14 - S-parameters measurements versus inductor lumped model.

5.4 RANAR SPIRAL TRANSFORMER
ORenato P. Ribas - TIMA 92




Maskless Front-Side Bulk Micromachining Compatible to GaAs IC Technologies Chapter 5

A planar transformer structure is formed twyo interleaved spirainductors, as shown in
Fig. 5.16a, and its potential applications are centesedund two characteristicsthe ability to
transform impedance level, changing the ratio of current to voltage without losing a significant amount
of power, and theability to transfer energy betwedwo electrical meshes,without having these
meshes athe same potentiakor instance, transformecan beused togenerate high AC voltages
when only low voltagesre availablematchlow impedance load thigh impedancesource,isolate
loads fromground, provide 180degree phassghift, shape pulses and, by tunipgovide bandpass
filter characteristics [30]. In the literature, sevexarks showthe construction of monolithic lumped
parameter four-port quadrature hybrid and phase shifter based on coupled spiral ifddc{d6],
but theuse of aplanar transformecan also be extended tmicrosensorse.g., the Eddy-current
proximity sensors, as proposed by Gupta and Neikirk [47].

veersied @ e Spiral |edecior 15H - Fraviic

Btcicien gt [am vohing Mg iim

(@) (b)
Fig. 5.15 - Parameters of 12 nH inductor as a function of etching deptho (&JsCand (b) Fes/ Qmax

TABLE 5.1 - Characteristics of standard and micromachined planar inductor with isolated strips.

12 nH Inductor Rs Ls Co Ci Cs Fres Fomax Qmax
(etching depth) (Q) (nH) (fF) (fF) (fF) (GHz) (GH2)
Standard 30 12 65 50 10 5.3 3.1 5.1
8 um 28 11.9 50 45 6 6.2 3.6 6.3
22 uym 29 12 31 29 6 7.6 4.4 7.5
42 pm 29 12 6 3 6 13.4 7.7 13.3

5.4.1 Design Considerations

Ideally, perfect magnetic flux linkage is assumed intthasformer structure. latherwords,
all the flux from the primary inductotinks the secondary one awell. If the inductance of both
windings approaches to infinityhe frequencyesponse does nbavelow frequency limits. On the
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otherhand, ifthe stray capacitance isssumed to be negligible, théme sameresponse does not
present uppelimits either. With theseassumptionsthe transformercan be modeled as a simple
voltage or current transformation, with the voltage and current ratios given by :

N = turns ratio= 3660ndary winding. “prim _ Vsec = [Zout (5.45)
primarywinding  lgec  Vprim Zi,

where Z, is the impedancaeen intothe primarywhen animpedance gyt is imposed on the
secondaryThe coefficient of couplingK) of two-winding coupled inductors is commonlysed to

describehow closely a transformer comes to being ideal, and repretenfsaction offlux linkage

from the primary coil that links the secondary oneyioe-versalt is defined as :

where Lyrim and Lsecrepresentshe self-inductances and M is the mutual inductance of the coupled
inductors.

In fact, anynon-ideal transformenas aimited bandwidth,even if parasitic capacitances are
neglected. Theusefulness of a transformer drops off at Iés@quencies because the inductive
reactance of the windings becomes too low. At high frequertbieseactance of theeries inductors
limits energytransfer.The value of K determines the size of thésductors andwith the self-
inductance, the upper frequency of operation. Therefore, it is importamitain the value of K as
high as possible for a large bandwidth. However, in transformers whersidghicantly lessthan 1
the turns ratio becomes meaningless, and rather the self and mutual inductances must be specified.

A simple, but yet accurate, lumped element model, proposed by Frlan et al. [48] and illustrated
in Fig. 5.16b, has been adopted. In this equivalent circyigrid R are theseries resistancayhile
Lp and Ls are the total inductance of the primanydsecondary, respectivel§ince the structure is
formed by identical spiral inductors, theses values are assumecetudléor both coils. Inturn, M
represents the mutual inductance between the coils. Static self and mutual inductancephbedileden
segmentsare calculated according to ti&reenhouse formulatiof86], describedabove, assuming
that perpendicular segments have negligible muighlctancesThe direction of currerthrough the
transformer dictatethe sign of the mutual inductance betwesegments. Furthermorée mutual
inductance related to the fictional mirronage inductor fromthe back-sideground plane must be
taken into account for increased accuracy. The significant reduction in the net inductance is accounted
for by the reverse current flow in the image.

Calculation of thesegment-to-groundapacitancend the mutual interlineapacitance can be
realized using the method presentedplanarinductors.The capacitance between non-adjacent lines
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are usually negleted witliitle effect in thefinal accuracy of thenodel,unlike the total inductance in
which all the individual self-inductances must lmonsidered.The variation inphase shift with
frequency also produceschange in the effective mutual capacitangg, ®©etween the primary and
secondaryThe value of @, at DC is effectivelyzero, but its influence on the device performance
becomes significant with the increasing frequency of operation.

(@) (b)

Fig. 5.16 - Planar spiral transformer: (a) structure and (b) lumped element equivalent model.

Overall, themost sensitive componentstime lumpedtransformer modeare M and G,. If
these equivalent circuttomponents are not carefully calculated, thgonant frequency response of

the model is severelgaffected. The model is fairly insensitive to small variations of thelf-
inductances p.and shunt capacitanceg.C

The free-standing transformer device proposed is composed by two coupled inductors with the
strips suspended individually, as presented in previous section. Therefore, both shunt and fringing
capacitances are expected to be drasticatlyced,ncreasing thdroadband operatiomotice that,
the coefficient of coupling should not be influenced by micromachining sind8dAs substrate and
dielectric layers (Si@and SgN4) are not considered as magnetic materials.

5.4.2 Experimental Results

A planar spiral transformer formed o 7-turnscoupledinductors, with5 um-width and
6 um-spacing strip¢i.e., openareawidth of 5 um and margin distance @.5 um between the
metal lineand theborder ofthe bridge), wasfabricated ancetched, as shown iRig. 5.17. Thin
dielectric arms were place at the four corners of the three most exggipsiformechanicasupport.
The ports 3 and 4according toFig. 5.16, were conected taground throughvia holes in order to
simplify the characterization procedure, reducing the device to a two-port element.
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The extracted elemenalues obtainedor an etching depth o#2 um were Ly=Ls=8.6nH,
M=6.8nH and B=Rs=30Q. Since the lowering in self inductance due tooits1 imagespiral is0.85
nH and the mutual inductance between actealspiral and thamage of theother is0.8 nH, the
ground plane effects on self angutual inductances have to be taken into accdéontimproved
accuracy. Capacitancese strongly reduced witlmicromachining since &Cs=15fF and G,=80fF
are obtainedvith the micromachinegtructure, whereas&Cs=40fF and G,=200fF wereobtained
with the standard transformer.

Measured datéor a standard transformer arde micromachined structure ashown in
Fig. 5.18. The lumped-element modeling approaaking computed values agrees well with
measurements, for both S-parameter magnitude and phase.

AccV Spot Magn Det WD Exp FH—— 100 m
150kvV 5.0 206x SE 63 6

Fig. 5.17 - Microphotograph of micromachined planar spiral transformer.

Moreover, even if the transformer geometry was optimizedfor a specific frequencyand,
a higher range of frequency operatioas been demonstratedtor exemplenote that theresonant
frequency of thestandarddevice is approximatelt2 GHz (S11 parameter irFig. 5.18a), while
such frequencyparameterhas been shifted aftel5 GHz inthe micromachinedransformer, as
verified in Fig. 5.18b.
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Fig. 5.18 - S-parameters from measures and lumped model : (a) standard and (b) 42 um-depth
suspended planar spiral transformer.

5.5 THERMAL AND MECHANICAL CHARACTERISTICS

Besides electrical performance, therrmaatlmechanical characteristics aso very important
to verify the usefulness of these micromachined devices. A complete analysis pasardeters was
carried out through extensive finit element method (FEM) simulations, using the ANSYS tool.
5.5.1 Heat Distribution
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It is well known that free-standing structures have been widedgd inthermo-electridoased
micromachined devices, such as bolometers and thermopiles, since suspended parts present a reduce
heat dissipation, giving rise to as hot regions f@mperaturesensing or forSeebeck voltage
generation, considering the substrate as a heat sink (cold readawa¢ver, inthe case osuspended
microwave passive devices it could representngportant constraint due to the increasisgyies
resistance of the wires, which influence significantly the Q-factor of the device.

Although theelectricalresistivity of bothmetals and semiconductors vaneith temperature,
the nature of their behavior is different. The temperature coefficient of resistivity (TCR) is given by :

TCR = (1po)(@p/ 1) (5.47)

and for metals, in the approximately linear region, the resistivitgn well be described bysaecond
order polynomial expression :

p=po(l+aT+bP (5.48)

with T in degrees, andg the resistivity at atandard temperature of 0°C, whleandb are material
constants. Therefore, the TCR value becomes :

TCR=a+2b.T (5.49)

It must be observed that the material constargpresentshe linear temperature coefficient of
resistivity, and formetals it is positive and takesygical value of approximatelyx®0-3/K [49]. In
otherwords, atemperature difference df00 degree results in an increasing of abde®% in the
resistance value.

At first, a single and straight suspendedcrostrip line with width equal to5 um was
simulated considering the maximum current of 6 mA/um giveRldy. for the interconnectiometal
(i.e., the worst case), which representshis case dotal current equal t80 mA. The temperature
distribution on a free-standing microstrip is shown in Fig. 5.19a tlndnaximum temperature as a
function of the bridge length i®bserved inFig. 5.20a. Moreover, such behavior iglmost
independent of the line width, as presented in Table 5.2 for a 100 pm-length microstrip.

Moreover, both versions of planar spiral inductors, overeenbrane and with isolatestrips,
were also investigated, but in this case considering the maximum sheet cuBenAgim given for
the center tap metal. The segment spacings and widths were eguahtoThe maximum increasing
temperature as a function of the number of spinais is shown irFig. 5.20b. Note that,the heat
dissipation is higher in the membrast&ucture.The temperature distributiofor both cases is
illustrated in Fig. 5.21.

ORenato P. Ribas - TIMA 98



Maskless Front-Side Bulk Micromachining Compatible to GaAs IC Technologies Chapter 5

487

Sarprrded Nisrmbiop - Thersal kselyie Parpradisl Bicreai iy - Mechaicel ralyai

€)) (b)

Fig. 5.19 - Temperature (a) and mechanical stress (b) distribution on a suspended microstrip line.

Furthermore, in small structures and normal environment conditions, conventioadain
dissipationsare commonly negligible in respect to the thermal conductimh were not takemto
account in this investigation.

TABLE 5.2 - Thermal and mechanical characteristics for a
100 um-length suspended microstrip as a function of the width.

Line width AT max Max. stres¥ Max. diplacement’

(um) W) (GPa) (um)

5 3.49 4.28 3.72

10 3.51 4.61 3.88

15 3.51 4.65 3.91

20 3.51 4.65 3.92

25 3.52 4.60 3.93

30 3.52 4.57 3.94

* Using the maximum current of 6 mA/um.
** Using an acceleration of 100g.

5.5.2 Mechanical Stress

For mechanicalevaluation, aracceleration ofL00g (i.e., 980 m/3) was considered in the
FEM simulations. Tchave an idea asuchacceleratiorvalue, airbag accelerometefsr automotive
systems work at a range 8509 [50]. InFig. 5.20b isllustrated the mechanicatressdistribution
on a straight suspended microstrip, while in Fig. 5.20a the maximum stress is shown as a function of
bridge lengthSimilarly to the temperaturbehavior,the maximumstress asvell as the maximum
displacement were alsobservedapproximately invariant in respect to the structwilth, as
presented in Table 5.2.
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Fig. 5.21 - Temperature distribution on planar inductors: (a) over membrane and (b) with isolated strips.

In the case of plananductors, considerinthe same dimensiomsed inthe thermalanalysis
and always an acceleration of 100g, the maximum mechanical stress is obsémeedielectricarms
of the structure, and it is representedrig. 5.20b, as &nction of the number of spiralirns, for
both membrane and isolatsttips approaches. It iateresting to note that Sipresentshe lowest
fracture strength (50-55 MPamong the structurayers.Thatis, according to the valuesbtained,
the inductor structures seems torbechanicallyvery robust, while theuse of suspendeaiicrostrip
lines may need to be carefully verifiédr certainapplications. In anyase, it is suggested to use
dielectric arms at four corners for larger spiral structures. Finally, notththatternalstressbetween
the layers in the IC process are very critical in some structures and they have not be taken into account
in this simulation.
5.6 (GONCLUSIONS AND SUMMARY
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The front-side bulk micromachining compatible to atandard GaAsHEMT technology,
investigated in thisvork, hasbeen demonstrated to be very usébulperformance improvement of
micromachined microwave passive devices, in particular planar spiral inductors and transformers. The
promising results presenteaissociated witlthe fact that the DO2AHbrocess fromPML is already
available to MMICdesign,represent a significant advance in RiFcuits, such as filteranatching
networks and low-noise amplifiers.
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Chapter 6
CAD TOOLS For MEMS

Computer-aided-design (CAD) toatsustbridge the gapbetween microsystem designers and
foundry facilities. Since existingnicroelectronicsCAD tools include a number ofeatures
useful for MEMS desigrespeciallywhen IC-compatiblemicrosystemsre addressed, then it
is mandatonthat such toolsare extended to microsystemrather than developing completely
new and specific CAD environments. In this chapter, the use of a fictitious nayeed ‘open
area’, is proposed to efficiently checkhe dielectric opening designrules for both
micromachiningand electroniccircuits. A computingprogramwhich is used taonvertsuch
openareas to‘real’ layers (contactsyias and passivation openingshas beendeveloped.
Moreover, a set of toolelated tothe back-endlesignflow (layoutand post-layout level) is
presented, including layout generators for micromachinededctronicdevices, crossection
and 3Dlayoutviewers,and bulk etching simulatordor surfaceand vertical profiles. These
tools are independent of theechnologyand have been developed specificdity the Mentor
Graphics environment, usinge AMPLE language.Suchfacilities are described herein taken
into account the PML GaAs HEMT EDO2AH process.
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6.1 INTRODUCTION

In order to boostnicroelectronics development, multi-projagafer services have provided
access to IC foundries fahip prototyping and small volum@oduction.The basic idea of multi-
project chip or wafer (MPC - MPW) is to collectively process circuits that are different and dissimilar,
sharingthe high fabricationcosts.MOSIS inUSA, CMC in Canada, CMP in France and PMU in
Brazil are examples of MPC servicies ICs available at a national levfl]-[3]. Similarly, to serve
their customergor prototyping, manufacturers, such A8IS and TRW, often organize an internal
prototyping service.

Nowadays, the same strategy of collective fabrication starts to be appiedrésystems, for
both specific manufacturingrocesses anohicroelectronics-compatible micromachiniagproaches.
The Multi-UserMEMS Processes (MUMPSs) is @axample of gprogramthat providesthe industry,
government and academic communities with a specific, cost-effective and proof-of-conception surface
micromachining fabrication[4]. In the case of microsystems manufacturing on existing
microelectronics productiolines, ICscontaining micromachined and electronic devicesparssible
because thesuspended structureme commonly released hysing a maskless post-process wet
etching at die level, without modifying the standard IC fabrication, as illustrated in Fig. 6.1 [5][6].

Fig. 6.1 - Multi-user project service for electronic and microsystem circuits.
On the otherhand, high-level computer-aided-desigiCAD) tools must bridgethe gap
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between microsystem designers and foundry facilities, in order to suppontspecialized system-
level designer who wants toombine micromechanicand electronigarts in a new microsystem.
Since,MPC servicesare provided to microsystems design using standard IC technologssgla
CAD environment and design-flofor the whole layout construction is highlgesirable, such as
proposed irFig. 6.2. Ideally, CAD tools for MEMS shouldinclude schematicapture,multi-level
modelization and simulation (etchimgechanismsfinite element method FEM, analog hardware
description language - HDL-A, etc.), automatic layout generation and extraction, back-annotation, and
so on [7]-[9]. Certainlythere is still much talo. Fortunatelyavailablemodules can beeused,
extending existing commercial microelectronics C#ils. Currently, IC design environments, such
as Cadence DF2 and Mentor Fal¢enamework,need modifications before they can umed for the
automated design of microsystems.

.rm.l:wr

J FEM to HDL-A
mnunr_l

Fig. 6.2 - CAD environment for MEMS design.

In the context of this work, a set of tools, related to the layout and post-layout levels (back-end
design flow), have been developed on the Men@raphics environment. In 1997he TIMA
laboratory spinned-off aommercialcompany, MEMSCAP, aartner of MentoiGraphics Corp. for
CAD of MEMS. These toolsre independent of thechnology, andhey have been configured and
validated considering the PML EDO2Aptocess [10]. Sucfacilities as well as the micromachining
design rules are included in the GalEMS engineering kit availabléhroughthe first MPC service

ORenato P. Ribas - TIMA 107



Maskless Front-Side Bulk Micromachining Compatible to Standard GaAs IC Technology Chapter 6

for GaAs microsystems in the world, provided by CMP.

This chapteinitially presentghe strategy adopted theck, athe sameime, electronic and
micromachining layout design rules using the fictitious ‘open area’ layer. Moreover, layout generators
for generic structures and specific applications have been developptihtize the timespent in the
layout construction and to help non-specialisl$igners. Nextthe crosssection viewer and the
layout three-dimensional solidodel generation arpresented. Irterms of etching verification two
tools related to théulk etchingaredescribedj.e., anisotropic etching previevior surfaceprofile
and a two-dimensional etching simulafor vertical profile. All these tools have been developed
using exclusively theAMPLE language of MentoGraphics. Finally,the conclusions and future
perspectives are briefly discussed.

6.2 [DESIGN RULES CHECK (DRC)

The purpose ofthe design rules is to ensutiee greatest possibility afuccessfufabrication
with acceptable reliability. The design rules are a set of requirements and advicements that are defined
by the limits of theprocess ana@haracteristics of thetchantsMandatory rulesare given toensure
that the layout remains compatiblgth lithographic process tolerances/iolation of minimum
spacing rules, for instance, can result in missing, undersized, oversized or fused Nefeetthat
the minimum geometries allowed should not be confusedthatioptimal geometrieecommended.
Furthermore, advisory ruleme associatedith the correct construction and performance efficiency
of thestructuresge.g., the layout orientation is a crucial factor in thesign of GaAs free-standing
triangular prism-shaped bridges.

As mentioned, it is very useful to follow a single aswimpletemicrosystem design flow
without considering separatetgechanicabnd electronigoarts. Thereforethe first and elementary
task is to providehe layout construction ammbrrespondent design rulebeck (DRC)for MEMS
design usingthe sameCAD environment. Howeverthe superposition of contacts, vias and
passivation openings requireddeeate theopen regions is commonly prohibited by f@undries,
resulting consequently in design rules violation. Moreother widths and spacings ddielectric
openings formicromachiningpurposesare somewhat different fronthat used inthe electronic
circuitry. In order to avoicduch drawback, #&ctitious layer, named'open area’, hadbeenused to
define the uncovered substrate surface regions rather than superpose dielectric opening layers [6].

Thus, by definition, the opearea layerepresentshe stack ofall dielectricopeningscreated
during the IC fabrication anthat arenecessary to exposke substrate surface areéw the post-
process etch attack, as shown in Fig. 6.3. It can correspond to only two layertheasase of the
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PML (E)DO2AH processes (opearea =CO + CB), or more, accur in the Vitesséd-GaAs Il
process where it is equivalent to six layers (open asstive_areat via_1+ via_2+ via_3+ via_4

+ passivation openind10][11]. As a result, unlike presented in G&OS approach by J. M. Paret
[12], the micromachiningulesare reduce to &ew ones,illustrated inFig. 6.4, and they are not
mixed with the microelectronics design rules.

micromachined device ‘open area’

layers

suspende '/
W

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

substrate

Fig. 6.3 - Representation of the fictitious open area layer.

Furthermore, even if the stacking proceduresaized byconsidering distances of enclosure
between the layers, as proposed by J. M. Rag¢tfor CMOS micromachiningisingthe ATMEL-
ES2 ECPD10process,these overlapan be easily taken into accoudtiring the open area
conversion tcelectronic (‘real’)layers. In this casahe openareausually corresponds tthe most
internal layer and a minimum spacing between the apesand thereal layers must be respected to
avoid eventual superposition errors caused by overlapping of the most edielewdtic opening and
the electronidayout. Aconverter tool to generate the setreél layers (dielectric openings),with
appropriate enclosure, from open areas and vice-versa was developed. It seemdtaivicetask
of the designer andhe time spent inthe layout construction talesignthe open regions are
significantly improved, as well as the layout presentation becomes much clderepenarea layer
is also very useful for layout generators and other MEMS tools, as presented later.

Differently from purelyelectroniclCs, where usually only process restrictiatetermine the
respective design rules, such a set of layout rfialemicroelectromechanical circuits can be divided
in three types of rules :

General rules— These rules are associatedvith the IC process steplimitations
(lithography), such as the minimum open area width required to avoid residual layers, as discussed in
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Chapter 3, and the minimum open area spacing to prevent pdssioles. Moreoverthe distances
between theopen areaedges and other layeese also included, observing that, by definition,
superposition othe fictitiousopen areaand real layers are noallowed. Arepresentation of these
generalrules is shown irFig. 6.4, wherethe values ar@nly illustrative. The correctrules vary
according to the target process and they are restricted to CMP users.

Number Description of the design rules Value
R1 minimum open area width 8.0 pm
R2 minimum spacing between open areas 6.0 pm
R3 minimum spacing between open area and real layers2.0 pm
R4 no real layer must overlap the open area -
R5 all open area edges must be 45° angles or multiples -
R6 layout grid for the open area 0.5 um

(a)
Legend :
R1 R2
R - > [ ] open area
R4 " [] real layers
R3
Y
(b)

Fig. 6.4 - General micromachining design rules: (a) description and (b) illustration.

Specific rules— They refer to particularstructures andhe respective etching solution
applied. For instancehe maximum etchingime for a specific etchanmust be respected to avoid
possibledamage in the unconcernadirface layers. As a resulhe maximum distance allowed
between open areas to create bridges, membranes or other geometries (structure deigttmyired
by the multiplication of such maximum etching time and the underetching rates. In thi<@noaiso
be included the crystallographic directions of gfieictures for anisotropic etchintipe selectivity of
the etchants, anthe depth etch rates of easblution. Such a kind of rules mmMmonly verified
using etching simulators.

Mechanical rules— These are associatedwith mechanical characteristics of the
suspended structures.g., the maximum length dbridges and cantileverghe armdimensions in
membranes, and son. They are themost difficult ones to bedetermined due to the variety of
structures, shapes anmdaterialsconsidered. For this, Brge set of tesstructures, asvell as
extensive mechanical characterizatiord thedesigner experiencareimportant. Nevertheless, FEM
simulations could give a good idea of such limits, even if heterostructures fabrication mismatches and
intrinsic surface stresses are not taken into account.
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6.3 LAYOUT GENERATORS

In order to optimize the design time and provide the correct-by-construction ¢ggraaration,
I.e. the design rulesare respectediuring this task, three kind of pre-designed layout cells are
commonly used : pre-characterized full custosii libraries, generic parametrized functionallocks,
and/or layoutgenerators. Irthe first case, pre-designeand pre-characterizedells, representing
specific devices and circuits with well known functionality giformanceare available in libraries
to be re-used when ever necessary. The librapaametrizedells, onthe otherhand, corresponds
to genericstructures whosearticular layout geometrgimensionscan be easilynodified, such as
widths and lengths, as proposed for micromachined structures by J. M. Karam [13]. This approach is
more flexible than pre-characterizegll libraries in terms of the layoutonstruction, but less
information is available about the performance.

Layout generators, in turn, werfrstly thought for particular digital circuits thapresent
regularity and symmetry in the layoutpresentation, such asemories (RAM and ROM),
programmable logic arrays (PLA) aadthmeticfunction blocks (adders and multipliers). thre last
years, ICCAD tools for layout edition have been improved ander to provide such a kind of
generators, but alsepecific in-house computing languagésive been made available toeate
personalized functions and layaygneratorsAmple and Skill languages frorMentor Graphic and
Cadence environments, respectively, are examples of these facilities, whiclthalti®gigner to use
layout edition commands, such asove copy, delete and otherones, for automatic layout
construction. In this approacbther parameters than the geometmnensions associated with the
layout canalso be determineiiteractively by thauser, e.g.,the number ofjatefingers of HEMT
transistors, the passive component values, etc.

Keeping this in mind,layout generatordor generic micromachined devicg®ridges,
cantilevers and membranes) and particM&MS applications(bolometers, thermopiles a#C-DC
converters) have been developed witthie Mentor Graphics environment, usingxclusively the
Ample language, adlustrated inFig. 6.5. One of the mairadvantage of these tools tisat non-
specializeddesignersare able to creatfast and efficientlynew microsystemsAlthough the PML
GaAsHEMT EDO2AH process habeen targeted, both principle and technique presented herein are
easily extended to other technologies. Besi@somachineddevices, generatorsave alsobeen
created for the electronic compounds provided by PML, such as HEMTS, inductors and so on.
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Fig. 6.5 - PML HEMT layout generators : (a) AC-DC converter and (b) planar spiral inductor.

The variablesused inthe layout generators are dividedtwo groups:layout argumentsand
technology variablesThe layout arguments are entered in the didlog (seeFig. 6.5) and
correspond to geometry parameters defined by the designer, such as the number of elenants and
dimensions. Technology variables, on the other hand, are associated with the mininmiaxiemdn
values fromthe process design rules, agll as the default values considerethen the layout
arguments are ngfiven. The technology variables are descrilteugh atext file (ASCII format)
and areresponsible fothe correct-by-constructidayout, since they are taken into accouwkivays
when out of range values are entered in the dialog box (see Fig. 6.6¢rthia layout dimension is
not defined as a layout argument or as a technology variable, it ninediris is determined in the
source of the program and cannot be changed by the designer.

Note that,the layout generators aadso very useful fothe automatic layowynthesis using
SDL (Schematic DriverLayout). In this casethey are associatedith device symbols in the
schematic description entry and/oith hardware description language (HDL-A) packaded].
Moreover, sincenew devices and applications are constantly being fabricated and characterized, the
development of layout generators becomes a continuous task similayvadayoutsare included in
pre-designedell libraries. The MEMSlibrary proposed byTIMA intends to include aymbol for
schematicdescription,HDL-A model, layout generator and experimentitafor each device and
circuit available.
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IR

/I MCS Group - TIMA/CMP ; Variables for Layout Generators //
1/ PML MMIC HEMT 0.2um (ED02AH) Il
IR

/Il AC-DC Converter

extern user_ic_session@@nt_default = 5;
extern user_ic_session@@wb_default = 10;
extern user_ic_session@@Ib_default = 50;
extern user_ic_session@@lt_default = 60;
extern user_ic_session@@lIr_default = 10;
extern user_ic_session@@wr_default = 5;
extern user_ic_session@@th_co = 2;
extern user_ic_session@@th_mg =0.5;
extern user_ic_session@@th_sp =3;

/Il Microstructures

extern user_ic_session@@wop_default = 20;
extern user_ic_session@@whbr_default = 20;
extern user_ic_session@@lbr_default = 50;

Fig. 6.6 — Definition of technology variables for layout generators.

6.4 LAYOUT VIEWER TOOLS

Although each layer shape in the layout corresponds to a particular step in the IC fabrication, it
is frequently nobbvious forthe designer to understare influence okuch layers irthe process.
For this, cross section viewsalized on the layowind the representati@uchthe layout in a three-
dimensional form appear to be vemglpful. Such a kind of viewing toolsan also be used for
purposes other than just visualizitige layers arrangement in tlertical direction. For example, the
cut view can be efficiently used as the graphical interface to show physical simtdsttis, such as
layer etching, current distribution arftkatingdissipation,while a 3D layout representation could be
used for solid model FEM simulation.

6.4.1 Cross Section View Generation

In the literature, a cross section illustration of the wafeti@uit is normallyused todescribe
IC processes, awell as the operation principle of semiconductampounds andheir related
physical phenomena. Therefore, it seems very interestinguv® a tool thashows a crossection
view from acut line defined on th&ayout. Inthe case of micromachinadkvices, it iseven more
useful becausthe suspended substrate portions or layasld beobserved, as discusséater in
section6.5.2. Furthermore, ictould also beused agshe output graphical interface of physical and
electrical simulators, such athe electro-thermal behavior giving by ti#SSI tool [15] and the
current density distribution resulting from magnetic fields [16].

The cross section viewer tool, developed onMleaitor Graphics environment, allowsitting
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a layout representation in any direction and visualizing in scaledirespondent layers of the
process,since the reathickness ratiosire respected in the tool configuratible, considering a
micron equal to an unit distance in the layeditor. Thistool is easily configuredor different IC
technologies, and it hdseen validated in the context tifis work forthe PML EDO2AHprocess,
which presents somgarticularitiessuch aghe messastructure, back-sidenetal plane and vigholes
(see Fig. 6.7).

¥ via hale

i

caif line

Fig. 6.7 - Cross-section viewer tool.

It was entirely developed using the AMPLE language. After the definition of thHeneuh the
layout window, all intersected layers with tlirse areextractedthatis, their distance to the cilihe
origin and theirwidths, usingthe AMPLE command $get_compose_layer_selectian(puch
information is then transferred tonew IC Stationwindow, wherethe layers aralesigned over a
substraterespecting thewidth, position and thickness distance edch intersected layéom the
layout. The width of the substrate shape corresponds to the cut line distance.

Note that each layout layer or a particukset of layers are involved iocrosssection layer
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construction.Layout layers must be identified if theyre positive or negativenasks inthe IC
fabrication to determinate the presence of the respective cross section layer in or out of the intersected
area. For eventual back-side steps, the same principle is used. Nosenteathecrosssection view

Is shown using a layout window of an IC Statialh,editor commands, such aoom_in zoom_out
andview_area are availabléor detailedvisualization. Finally, aspecial procedurgvas created for

surface relief construction.

6.4.2 Layout 3D Solid Model Generation

The three-dimensional representation of a cirtaybut, with the addition of thethickness
value for each layer shape, helps designers, researchers and students to umickersIafatbrication
procedure with the respective arrangement of layers and to investigate physical phenomena associatec
with the structure. Inparticularfor MEMS design, such 3Dllustration canalso be used for solid
model generation required in FEMmulation. In addition, it should be considered to provide an
automatic mesh generation for the structure, which is a very time consuming task for FEM simulation,
but this is not yet available in the first version of this tool.

The technique applied heretonsists ofextracting the layout coordinaté®m the IC Station
window and creating volumerism shapes) witlppropriate thickness and bottom siasght. In
this method, all layers are flat, that is, the relief observed in fabricated circuits is not observed here, as
illustrated inFig. 6.8. Although this characteristic dhe 3D layout representatieeems to be far
from the real device construction, it is usually the strategy adopted indfEMsis. Moreover, as the
thickness values are commonly much smaller than the 2D layout circuit dimensions, sometimes the 3D
visualization is somewhatompromised. To solve thisnultiplication factors can be applied to all
three structural dimensions liye user in atool dialogbox. Furthermorepnly certain layers can be
selected for extraction and visualization if the other ones are not desired.

Since the MentorGraphics environmentloes not providegraphical windows for 3D
visualization, other appropriate tools are required. At the moment, three type of output dedibeiption
formats areavailable : ANSYS, X3dindGeomview. ANSYS is &EM simulatorwhich utilizes a
specific descriptiodanguage, whileX3d and Geomviewarefreewares 3D viewerthat acceptobj’
and ‘coff’ descriptionformats, respectivelyParticularities have beediound inthese 3Dtools, for
example, shapes with internal holes or closed paths are not accepted by ANSI®, aoidcorrectly
showed by GeomviewBut such kind of troublesan be avoided bysing the volume subtraction
feature in ANSYS, while a special computing progridat convertsthe volume to a set of triangular
prisms must be run before a 3D layout visualization with Geomview.
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rl Camara (De=lidean Wiew)

(b)
Fig. 6.8 - Layout 3D solid model extracted from IC Station window : (a) Geomview and (b) ANSYS.

6.5 ETCHING VERIFICATION

As discussed in Chapter e wet etching removedsulk materialand creates depression in
the surface which grows both in normal direction to the surface of the die (etching depktgiatig
(underetching). In factthe underetching is the principaksponsible forthe suspension of
microstructures by using front-side bulk micromachining. Hence, since a maximum dicleingust
be respected during the post-process step in ordmroid undesirable damage on theface layers
of the circuit (passivation and pad metallization layers), the maxistwmture widthsare determined
by the respective underetching rates.

Because usually the etchants of interestaamisotropic,the rates of thenaterial etching are
differentfor the various directionsthatis, some crystallographic planese etchedrery fast while
othersactually act agtchingstop planesAnisotropic etching relies on the fact thataih crystalline
structures the atomic bonds in some plaaresmoreexposed than iothers. Assumindghe presence
of a homogeneous crystallimaaterialwith a constant orientation of its lattice, duritige etching
procedure a plandace is etchedway parallelly to itself at a rate thalepends only orthe face
orientation. Suchetch rates, measured normally to thectual crystal surface, are described
conveniently in a polar plot, where the distance of the diagram values from the origin of the coordinate
system indicates the etch rate for particular normal directions.

The behavior of anisotropically etched crystalline materials is commonly magstegivell-
known geometricaimethods, which daot require deep knowledge abdbé etching mechanisms
[17]-[20]. Such methods assurtiet the etch rates atiene independent, only depend dme crystal
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orientation. Anetch rate polar diagram is then available. At thement, it representdie most
efficient technique to predict the releasing of micromachstaactures Another very promisindine

of investigation to predict the anisotropic etclsbépes is based dhe atomic scalenodel, which
takes into account the dependency of etclimgeds irterms of crystalline orientation, concentration
of etching solution, temperature andloping concentration ogtched substrates [21][22].This
approach is much more accurate but also more complex to be implemented.

6.5.1 Surface Isotropic Etching Preview

The surface etcheshape resulting from an original polygonal (maséf)ape, corresponds to
the underetchingj.e., the intersection of the crystallographic plamgth the surface plane. Such
etched shape is easily observed using an optical microscope, as stiign@riilc. Even if etching
prediction by means of geometrical methods are more easily implemented than atomic models, it is not
really a straightforward technique becausertain faces may appear whilethers disappear
crystallographic planes are advancing [19][20].

A two-dimensional anisotropic surface etchisgnulator, named ACESIM, has been
developed at TIMA laboratory [14]. It has proven to be very usefuCMOS micromachiningising
EDP (a waterysolution of ethylenediamine and pyrocatechol) 8R@H (potassium hydroxide in
water) etchants. As illustrated in Fig. 6.9a, the sur&icle rate poladiagrams present a wide range
of values[12]. However, whensotropic etching is performed or the anisotropic behavior is only
slightly observed,the etch rate diagrantends to acircular shape, as inthe case of GaAs
micromachining using citric acid based etchant {Sge 6.9b). Then,the simulation computingme
increases significantly due to the large number of fwsappeaand disappear durinipe process.

It becomes even more critical for circular etchmgsks. In fact, irthis casesince the dislocation of
planes is similar irall directions,the final surfaceetchedshape could be easily predicted by just
‘resizing’ the mask shape according to the etching time and underetching rate.

Therefore, a surface etching preview tool for fast evaluatiorbéas implementetased on a
simple method of scaling thepen areasThe user defineshe starttime, step time, number of
previews (pseudo-simulations), and the region containing the open areas to be evalsa@dnas
Fig. 6.10. An option parameter is used to take into acdbenhighest and thiewest ratesij.e., the
fast andthe slow etchingcases, respectivelyig. 6.11 shows acomparison between thetched
shape resulting frorthe surface previewthe anisotropic etching simulat&«CESIM, andthe actual
etching result. Suchtool is also very usefufor fast simulation of the etching impact on the
unconcerned electronic blocks.
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Fig. 6.9 - Surface etching rate polar diagrams: (a) CMOS-EDP and (b) GaAs-citric acid.
6.5.2 Bulk Etching Simulator for Vertical Profile

Even though the intersection of the etcheitk region withthe substrate surface plaian be
efficiently predicted through 2D surface etching simulationgjissussed above, in some cases such
information is not enough tguarantee the compleseispension ofhe microstructure and its correct
functionality. For instance, akustrated inFig. 6.12, the GaAs triangular prism-shaped bridge is
obtained before the merging of therfaceetchedshapedakes place. Irfiact, when this happens the
triangular massunderneath the bridgeas totally removed because oinderetching. Orthe other
hand,CMOS micromachinetbhridgesare releasewhenthe fusion of surfacestchedshapes occurs.
However, an unexpected and undesirable bulk material masgyo@raidal form could béeft under
the structure, causing bad functionality of the micromachdedce. In both examples a view of the
vertical profile is required.

A two-dimensional etching simulator to predict thertical profile of the etchedegion has
been implemented taking into account an algorithm based on the Wulff-Jaccodine geomethoal,
which considersghe crystal as a set of crystallipianes,each plane being etched at a spectie
(etch polar diagram23]. ConsideringFig. 6.13, the points P1 and P2 represeahe limits of the
etching mask. The origin of the etch rate diagram is placed at PR2atike leftside ofthe diagram
being takerfor P1, the rightside forP2. Vectors normal to the rateectors D are thedrawn, and
they represent ifact potential crystallographiplanes.The predictedshape which results from the
etching process is then defined by an envelope-of-normals, which consafitaainals or portions
of normals that may be reached from the origin without intersecting any others [17][18].
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Fig. 6.10 - Surface etching preview tool illustration.

The cross section viewer is used as the output interface to displesthes.During thecross
section procedure, the existence of open area layers intersecting lihe @~erified, aswell as the
orientation of their edges in order to associate with them the respectivertkial etchdiagram.That

is, if the edges of a mask shape (opesn) are noparallel differentdiagrams are taken into account

for eachside. Moreoverthe predictedorofiles shown are obtainectonsideringthat the cut line is

perpendicular to the mask edges, and in this first tool versiontlemBdges oriented orthogonally or
in 45 degree are evaluated in order to simplify the etch diagram description, defined in the vector form
[angle,rate] foretchpoint. Otherwise, #hree-dimensional polar diagramnsquired. Note that, the
minima and theregions immediately adjacent to them on tipwlar diagram are the principal

responsibles foithe final shape. Agreat number oktch rates could give elosed profile, but
increasing certainly the computitigne. Finally, as withthe surface etchingreview, the interfacing
dialog box of the simulatorallows the definition of start simulatiotime, steptime and number of

simulations (see Fig. 6.14).
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(a) (b)

Fig. 6.11 - Surface etched shape comparison: (a) preview, (b) simulation and (c) photograph.

Fig. 6.12 - Bridges in GaAs (a) and CMOS (b) compatible micromachining.

An important assumption of such a kind of 2D vertical methalastheedgesare considered
infinite, i.e., the influence of the etching originatétdm adjacentopen areas not present time cut
view plane,commonlyobserved fomembranes and in the extremity azintilevers, cannot baken
into account. For this, a 3D anisotropic etching simulator is demanded [24]-[26].
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Fig. 6.13 - The 2D Wulff-Jaccodine prediction method [18].
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Fig. 6.14 - Anisotropic etching simulator for 2D vertical profile.

6.6 MENTOR GRAPHICS ENVIRONMENT AND SUMMARY
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The set oftools, described in this chaptesiye independent of the technology and they have
been included in th®IEMS engineering kifor the MentorGraphics environment, for bot@MOS
and GaAs processes (see Fig. 6.15). In summary, with the back-end design flow is pmssjaje
run a singleelectronic and micromachiningesign rules checkingp) create automatically several
types of electronic and micromachined devices using layout generators; (c)cob$asectionviews
in any direction and position dghe layout;(d) create a three-dimensional layoepresentation for
illustration or solidmodel FEM simulation; (e) visualize the etch rate polar diagréingredict the
surfaceetchedshape through a fast preview (isotropic etching)using the anisotropic etching
simulator ACESIM, with the visualization of results on the original layout or in a new layodow;

(9) predict the vertical profile of etched bulk regions; and, finally, (h) convert automatically open areas
to real layers and vice-versa.
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Fig. 6.15 - MEMS design kit front-end on the Mentor Graphics IC Station.

In terms of the front-end design flow, work is being carried oGiMA laboratory,including
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schematiccapture,HDL-A models ofmicroelectromechanical devicésr electrical simulation, and
SDL (Schematic Driven Layout) linked to the laygenerators. Thipart of thedesign flow is also
technology independent, being easily configui@dthe GaAs micromachiningapproach, discussed
in this work.

As future developments, it is necessary to consider the improvement of the layout extraction to
the 3D solid model FEM simulation including automatic meshing, a 3D anisotropic esaininigtor,
and the integration of tnermal simulator likeSISSI that takes into account micromachined devices
[15]. Moreover,particularly toMMIC processeslike PML EDO2AH, it is important to provide
microwave simulators, such as MDS, in CAD microelectronics environments.
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Chapter 7
CONCLUSIONS aAND PERSPECTIVES

“Though our work from day to day may seem insignificant in siggther ourwork is grand
in purpose... Asciencegrows bythe unfettered competition adieas, notpeople...People
should befree to suggestand work on the new. Unfortunately it is easy to disdain the

unfamiliar...” W. Trimmer [1]
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7.1 Summary and Scientific Contributions 126
7.2 State of the Work and Future Developments 128
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7.1 SUMMARY AND SCIENTIFIC CONTRIBUTIONS

Firstly, in the presentedvork, the interest inusing GaAsmaterialand relatedechnologies,
rather than the cheaper and well developed silmoes, wasclearly outlined. Physical properties,
mechanicaland thermal characteristics, and microelectronjmocess facilitiesassociated with the
number of compatible 111-V ternary alloys, justify the use of soterial inmicrosystemsAlthough
still more expensive than standard CMOS, GaAs based IC processemarercially available today
for high-frequencydigital and analogystems asvell as monolithic microwave amaiillimeter-wave
circuits, representing a promising possibility for sng@msors in whiclhe integration of electronics
represents the basic requirement [2][3].

Many GaAs micromachining technigues have bpesposed irthe literature and rely on the
numerous suitable etcharagailablefor selectiveetching, considering differertchstop layers, and
for anisotropic ompreferentialetching, in order t@reate theunique triangular prism-shapduidge.
Herein, the well-known maskless front-side bulknicromachining compatiblewith standard
microelectronicstechnologies, which represents perhdpe fastest andnost efficient way of
designing MEMS, has been successfully extended to GaAs processes.

In fact, like alreadyobserved irCMOS [4], suchmicromachining approacpresents as the
main drawback problemselated to eventual residual layesser the exposed substrate surface
regions,causing irregularities in thpost-process wegtching or even impeding the release of the
structure. This is because the stack of dielectric opemegded to createpen areas is generally not
expected by microelectronié¢eundries, duringhe IC fabrication. Such groblem was strongly
verified in the Vitesse MESFEH-GaAs Il dies,and even aftediscussions withthe foundry
engineers and the various pre-cleaning techniques applied, no real solution has been found to solve it.
In the case of the PML HEMT DO02AEhips, onthe otherhand, suchresidual layers were observed
to be muchlesscritical, allowing reliable open areas with dimensiog®wn to4 pum. Thus, this
process was taken inaccountfor etching characterization and investigation of potential applications

[5].

In Chapter 3, an extensive review about wet chemical etcfan®aAs wagealized inorder
to evaluate them for this micromachining purpose. Note that, the aim of this worlot@sdevelop
new etchingsolutions,but determinate thenost appropriate existennes interms of damage in the
surface layers, undercutting and deptthrates,and both surface angrtical profiles ofthe etched
bulk regions.The feasibility ofsuspended microstructur@gs provenand three etchingolutions
appeared to be well suited: thiéric acidfor selectiveetching, andhe NHOH and HPO, (at 0°C)
based solutions fapreferential etching behavi@8]. Other etchantshoweddamage on thexposed
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pad metallization (e.g. Br-based solutiowhile NH4OH etchanffor selective etching oGaAs with
respect to AlGaAs seemed to attack the dielectric layers €810 SgN4).

Since GaAs transistoere able to operate at temperatures ug5@°’C ormore (due to the
large bandgap of GaAs) and because of high thermal resistivity and high Seebeck codffciaat,
based devices are very attractive for GaAs micromachining. Moreover, the triangular-shaped structure
allows buildingefficient thermally isolated activend passiveslectronicdevices, aslemonstrated in
Chapter 4. Although GaAs-metal thermocouplespargsible inPML HEMT technologythe use of
the thickgold layer as a thermocoupfeaterialreduces significantly the thermopile self-generated
voltage due to its verjow Seebeck coefficient anexcellent thermatonductivity. As a result, in
applications where silicon structures couldapplied, it is somewhalifficult to justify the use of
such a more expensive alternative. On the other hand, thermopile based microwaveepeswer are
very useful for MMIC design, as provided by PML [7].

Furthermore, micromachined microwaveassive devices have been widetwestigated
nowadays due to the emerging wireless communicafistems. Suspended transmisdioas show
significant improvements in performance because of the eliminationighf frequency parasitic
capacitanceeffects and associatéosses.The possibility ofusingsmall open areas iRML HEMT
allowed not only free-standing microstrips but also a novel planar rectangular spiral inductor with
each segmerduspendedhdividually asproposed inrChapter 5[8][9]. This new inductor structure
presented improvements up 150% in self-resonant frequency agdality factorfor a 12 nH
inductor. The usefulness of such approasias alsodemonstrated through raicromachined planar
transformer, composed by twaterleaved spirainductors[10]. Mechanicaland thermal constraints
of these devices were briefly evaluated through FEM simulations.

Finally, in Chapter 6, a straightforward strategy to allomicromachiningdesign rules
verification was proposed based on the use faftiious layer, calledopen area. Othe otherhand,
specific andmechanicatules were discussed to laportant aswell, but they require appropriate
etching and mechanical simulators, intensive experimental characterization and design experience to be
determined. Moreover, CAD tools for MEMS were developed in the M&raphics environment at
the layout levelback-end desigflow), including viewer toolgcrosssection and three-dimensional
representations fdayout analysis and illustration), etching simulatmartical profile and isotropic
preview) and layout generatofer basic suspended structurespicromachined applications and
electronicscomponents. This set of toots&in be configuredor any technology andvas validated
herein taken into account the PML (E)DO2AH processes.

It must be pointed oubhat the greatest difficulty auch a kind ofwvork, where industrial I1C
technologies araddressed for microsystems,tige fact that the chip fabricatiodepends on the
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prototyping runs offered bgnulti-projectservices. Inhe case of PMIHEMT, for example, which
might be considered as an expensive technology in comparis@M@S and, it is ingeneral
exclusively used for MMIC design, and a féabricationruns are availabldrom CMP servicej.e.,
around two rungeryear. In addition, for thiparticularprocessthe designer waitaapproximately
six months between the dates of layout submission and return of the diescarhialonly coincides
with the next run deadline. Therefore, to prttiié next consecutivein, a newlayout desigrcannot
take into account the experimentasults anccomplete evaluation of the last fabricatactuit. Note
that, such a problem had great influencéhanstudy about thermal devicgsee Chapted), while in
the case of micromachined microwave devices, presented in Chapter 5, it was not so critical due to the
simplicity of the etchingprocedure, where no constraints seflective and preferential etching were
required.

7.2 SATE OF THE WORK AND FUTURE DEVELOPMENTS

Of course,complementary information about the etching kinetics as wetheshanical and
thermalproperties of concerned layers is necessary to coaltréctors involved in thdront-side
bulk micromachining. Although generabsumptionsan be obtainedrom the presentedesults,
specific micromachining evaluation adways required foeach particular targeteédaAs ICprocess,
since the available surface layers and the composition of 1lI-V teatlags, if they exist, have great
influence on the post-process etching and potential applications.

The etching characterization realized herein carcdmesidered enough famicromachined
devices where selective and preferential etching behavior denoinded. Otherwise, future studies
must be carried out taken into account the suitable etchantshiesteith. However, as mentioned, to
generate three-dimensional etch rate pdiagrams and t&know more about the selectivifpr such
specific purpose, additional experimentshould berealized at thewafer level, with different
orientations; at the digevel, in specialfor the chipdimensions provided byML in the HEMT
process, such a task is almost impractical. Furthermore, studies concerning back+sichachining
have started, because the PML foundry is giving the possibility to use thsidyout the CSchip-
selecj layer, normally restricted to dicing street structures for chip separation. Such layer is equivalent
to an opening in the back-side metal plate with minimum wid&0gfim. So, suspendebig masses
of bulk GaAsmaterialfor pressure sensomlnd accelerometerdor example,are expected to be
released using this additional facility. And why not considering silicon dioxide as a sacrificial layer in
surface micromachining using PML HEMT [11] ?

At the present time, the GaAs technologies offered to the GééPsare the Vitesse MESFET
H-GaAs IV and PML HEMT EDO2AH processes [12][13]The update of ICprocesses is an
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important factor and could represent a considerable effoxalidate themfor microelectronics
compatible micromachining. Ithis last Vitesse MESFEVersion, since thetransistorshave only
scaleddown t00.5 um effective gatdength,the problems of residudhyers,not solved forthe H-
GaAs Il processare expected to beimilar. Onthe otherhand, the PML EDO2AH process is
basically different fronthe DO2AH one sincédoth enhancement and depletion mode HEMTs are
available. So, almost nothing should change with respebtetesults presenteldere. Achip test is
being fabricated.

Certainly, several other micromachined devices and interesting applicatioh®ated in this
work, should benvestigated asvell. For examplethe very small andeliable openarea allowed in
PML HEMT, associated withithe thick metal layer used for interconnectiongould perhaps be
exploited to build microelectromechanichvices, such asomb drives, resonatorand mechanical
filters, normally obtained by means of silicon surface micromachining [11][14].

Moreover, piezoelectric and piezoresistdevices,specially consideringhe triangulamprism-
shaped bridgebecause of the significamulk massthat it cansuspend,seems to beefficiently
implemented in GaAs [15]-[18]. The Gafgezoelectric effechasbeenshown to be as good &zt
observed in quartz, although few practical devices have been presented in the literature.

Optoelectronic devices are accepted today as perhaps the only way to increase the performance
of systems, and in thisase silicon is practicallgismissed by IlI-V materialdVlicro-optical-electro-
mechanical systems (MOEMS) have also found their place in the reseatdh[19]-[21]. However,

MOEMS compatiblewith standard microelectronics technologas only possible in IC processes
that provide integrated lighsources and detectors, which is tim¢ case of Vitesse MESFET and
PML HEMT. Remember that no modification in the fabricatstepsare allowedusingthe proposed
micromachining approach.

As the last example of interesting area of investigatimegnetic deviceshould bementioned
[22]. Thoughthey are not really micromachinasttucturesmagneticbased structures could bsed
for multi-sensor chip design [3]. Noteat MESFETandHEMT based technologies have allowed to
build Hall sensors with higtsensitivity and lowthermal drift because of thegher GaAscarrier
mobility [23]-[25].

In terms of micromachined microwawkevices,the good resultobtained here with planar
spiral inductors and transformers suggest to go towllesC applications,like filters, mixers,
oscillators, low-noise and tuned amplifieGuspendedVIM and interdigited capacitors have also
been sent to fabricatidior characterization. Moreover, another promisiegture ofusing aMMIC

ORenato P. Ribas - TIMA 129



Maskless Front-Side Bulk Micromachining Compatible to Standard GaAs IC Technology Chapter 7

process is its compatibility with microstrip antenna techno[@§¥{27]. It could be thoughthat two

chips containingensingelements are able to communicatéhout physical connectiorzor several
applications in medicarea, harsh environments aathers, wherghe connection ofvires to the
sensing chip is somewhat difficult, microstrip antennas could be very useful for data transmission and
power supply.

Finally, CAD environments foMEMS arejust inthe beginning of their developmeatound
the world. Many players such as MEMSCAP, Microcosm, Intellisense and atfegygshing further
the state-of-the-art iI€AD of MEMS. In future developmentelated to theback-end,additional
efforts should bealirectedtowards a 3D anisotropic bulktching simulator as well as a 3D layout
representation that illustrates the surface relief presented by the real integrated circuits.

The goals targeted in this thesis have been successfully attained. To the &uthwlésige, it
represents a pioneeringork in front-side bulkmicromachiningusing industrial productionline
processesther than the silicobasedones.This work tried to give thebasis forthe post-process
etching anddesign rules (technologpart), the potential micromachined devices and applications
(design part),and a set of tools foMEMS development(CAD part). Moreover, anumber of
directions for new research and projects are clearly suggested, demonstrating that it does not represen
a finished work but the beginning of interesting and promising investigations and developments [28].

MEMS will have profound impact in the future society. It is necessary to continue and enhance
research activities imoth fundamental and application-orientatkas. Fusion of knowledge in
different disciplines is essentidr well-balanced andacceleratedyrowth of the technology. The
research world ifiving in this decade the real starting ofn@w generation ofmicrothings,already
predicted by Richard Feynman in his two famous lectures, “There’s Plenty of Room at the Bottom” in
1960 [29] and‘Infinitesimal Machinery” in 1983 [30], although even he did ndielieve in the
usefulness of such microstructurée$ also talked in the1960 lecture about smalmachinery, and
was able to suggest no particular use for the small machines. You wilfleseehasbeen no progress
in that respect.™ R. Feynman [30].

Imagine the great number of applications and areas that can be improved today and in the next
future with very small and reliable microsystems and all kind of microsensors and microactuators. Be
sure, it is going on...
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Appendice A

Appendice A
PML HEMT (E)DO2AH P ROCESS

— LAYERS CHARACTERISTICS

The layers characteristit®m PML HEMT (E)DO2AH process considered in this work are

listed in Table A.1.

TABLE A.1 — Layers characteristics from PML HEMT (E)DO2AH process.

Thickness Density  Electrical Thermal Specific Seebeck
LAYERS t-um d- kg/m3 Resistivity Conductivity Heat Coefficient
P - 1Q.m K-WI/(Km) c-J/(kg.K) a-uviK
GaAs doped 0.055 536 19.5 44.1 350 - 300
Alg 25Gay. 75A 0.05 4960 - X - 13.15 383 - 450
S
TiAu (IN) 1.25 19300 0.0375 314 129 0.1
TiAu (BE) 0.65 19300 0.0375 314 129 0.1
SizNg 0.15 3100  very high 19 700 - X -
SiO2 0.85 2200  very high 1.4 730 - X -
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Appendice B
ETCH RATE POLAR DIAGRAM GENERATION

A two-dimensionaletch rate diagram can be accurately predicted or gendratadknown
minimum and maximum ratesvhich represent, respectivelihe etchstop planes and planessily
etchedaway bythe solution. For this, asimple computing algorithm isised, asfollowing (see
Fig. B.1) :

a) minimum and maximum etch rates are known;

b) etch rate values are inverted to build the slowness diagram;

c¢) the equations of the straight lines connectimg slownessvalues are inverted to construct
the etch rate diagram.

Fig. B.1 - Generation of etch rate polar diagram from known minimum and maximum values.

Considering the minimum and maximum etch rates (ordered)

angles = angle_1, angle_2, angle_3,...angle_n; (in degrees < 360°)
rates = rate_1, rate_2, rate_3,...rate_n; >0

# generation of slowness vectors

fori=1->n
slowness_i =1/ rate_i
coordX_i = slowness_i * cos(angle_i)
coordY_i = slowness_i * sin(angle_i)

}

# inclination of straight lines between slowness values
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fori=1->(n-1)
slope_i = (coordY_i+1 - coordY_i) / (coordX_i+1 - coordX_i)
slope_n = (coordY_1 - coordY_n) / (coordX 1 - coordX_n)
# calculation of slowness vectors and etch rates for all other angles

for j = 0° -> 359°
{
ifj <angle_1
{
S =slope_n
CX =coordX_n
CY =coordY_n
}

else
{
=2
while i <n
{
if j > angle_i
{
S =slope_i-1
CX = coordX_i-1
CY = coordY_i-1
i=n+1
}
else
t
i=i+1
}
}
}

valueX = (CY - S * CX) / (tan(j) - S)
valueY = tan(j) * valueX
etch_rate_j= 1/ sqrt(valueX * valueX + valueY * valueY)

}

# the etch rates are available in the etch_rate_j vector for 360 degree.
# END
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Appendice C
SCATTERING OR S-PARAMETERS

S-parameters are a set métwork parameterthat areused mostcommonly at microwave
frequencies [1]. Consider a transmission line of lehgttharacteristic impedan@®, and terminated
with a load impedance of Zas shown in Fig. C.1. The voltage and current atpamyt X on such a

transmission line are given by :

V(X) = VTe¥X + V-etyx

I(X) = (Ve - V-e*¥X) | Zo
wherey is the propagation constantf ¥nd I are the incident voltage amdrrent, respectively, and
V- and I are the reflected voltage and current, respectively.

Fig. C.1 - Transmission line of length | terminated in a load impedance.

The incident and reflection parametarandb are defined at the termination poiixt=l) by
solving the equations above for incident and reflected voltages and dividing them ¥¥%:(Zo)

a= (V*re\) / (Zoy/2 = [V(l) | (Zo)V/2 + I(1).(Zo) /2] | 2

b = (vV-eM) / (Zo)/2=[V(l) / (Zo)Y/2- 1(1).(Zo)1/2] / 2
Dividing these equations results in :

b/a=V-e"¥X [ VeV = (V- / V) e2¥

where the numerator and denominator represents respettigalgflected and incident voltage at the
termination, and the ratiwatherefore represents the reflection coefficleat the termination.
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Consider a two-port network as shownFig. C.2, where a and h are the incident and
reflected parameters at the input postaad b are the incident and reflected parameters at the output
port, respectively :

a1 =[V1/Zo + l.(Zo)t2]/ 2
b1 =[V2/Zo + b.(Zo)Y/2]/ 2
a =[V1/Zo- h.(Zo)/2]/2
by =[V2/Z0 - b.(Zo)}Y2]/ 2

Fig. C.2 - Two-port network defining S-parameters.

The scattering or S-parameters are defined by :

b1=Si1.a0 + S12.&
bo = S1.89 + S

The four S-parameters are defined in terms of incident and reflection parameters as follows :
$S11= (b1 / &) |a2=0—is the input reflection coefficiemy with the output matched,;
S12= (b1 / &) |a1=0—Iis the reverse transmission coefficient with the input matched,;

S1 = (p / &) |a2=0— Is the forward transmission coefficient with the output matched;

S = (p / &) la1=0— is the output reflection coefficieht with the input matched.

The concept of S-parametefsst definedfor a two-port networkcan be extended to a
generalizedch-port network.The characteristic impedance Zo in the definition of the S-parameters is
the main conceptual difference between the scattering paranaetgrsther conventional lumped
elementnetwork parametersuch as Z, Y and hlhe values of S-parameteie a networkwill be
strongly dependent aifne choice oZo, the characteristic impedance of the measusysiem. The
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port voltage and current are expressed in terms of port incident and reflection parameters as follows :
V(l) = (a + b).(Zo}/2
I(I) = (a - b) / (Zo}/2

Since the S-parameters are defined in terms of a amdrémeters, and other network
parameters such as Z-, Y-, and h-parameters are defined in tetemmioial voltageand current, the
S-parameters can be represented in tern%,0¥-, and h-parameters andce-versa as shown in
Table C.1.

TABLE C.1 - Conversion equations between Z-, Y-, h-, and S-parameters, normalized to Zo [1].

g 2 1 {Fs+ | b= Fpds 2 i+ 500 Hal + 88
S T T (=500 —58=) = 5.8
F¥A, 14
Sz = — : T T £ T,
(& + 1008 + 1 — Sy il LTI 4 bas b = 58
2 24
R T T Zy =
g F et 1= Fads (=5l 1] =Fn) = 55
< _‘I:"I + ||.;f_..— 13 = l;-"I_._.i"': z s IabT Nt
i ¥ 1 et 1 — Zalsi J I
(L= Vil + Yal+ Yu¥n . i+ Saltl — Siyh = Susy
T = - ?",-,-:lnll ..] £ Vol e NI 0 B B8
2¥ia AT
(1 + ¥l + Y = ¥ X5 -+ S0+ s JES T
~T Y, P
Sp= P T e T T T
(L += T+ Fal = Tl (] # kil 4 Sab = 5 by
(1 4 ¥pd il = Fal ok Vo ¥ - (1 + 5Ll = Sad o+ A
o R o L e g R T S B
" iy - |||,|| + 11— 'Ill"'.l.l . I+ 'lll:ull: ' .‘I--! i‘i---.:i:.'u
hy = D ks ® 11 =fghy " 11— Spb il + 850 + Spfy
.. 1%,
S0 Bl s = . =
thry, Dy fhss & 03 = Jepdesy ai =80+ Haal + Sy
4, 17 2854
] - sy — . faipes
ey Pidbss = 11 = ks - (= & Al = Hs) + Sy
‘ C1 4 b hdl — Bagd + Frs ey 4 (= Sh 1 — &) = Sl
S P 7 — BT =800 5 + Saf

Reference
[1] R. Goyal,Monolithic Microwave Integrated Circuits: Technology & Desigatech House, Norwood,
MA, 1989.
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Appendice D
FABRICATED ICs FOR MICROMACHINING PURPOSE

These chips were fabricated through de CMP service in order to evaluate the feasibility of
GaAs MEMS using the front-side bulk micromachining technique [1]. The circuits were realized
using the standard GaAs processes PML HEMT and Vitesse MESFET, and after post-processed

using an additional wet chemical etching procedure.

The HEMT technology from Phillips
Microwave Limeil (PML) is available for MMIC
design. The circuits were fabricated in the DO2AH
process, with exception of the last one
(cimcs5_pml) that were fabricated in the EDO2AH
process [2][3].

Circuit name : MCS_PML
Surface (X-Y):

Designed by : M. Holjo

CMP run : P95 2 (Sep. 1995)
Number of prototypes : 59

¥
- &N ]
»! iz [
[ - [ |
] [ |
R K B F H BB B R N
TEaN s 0N W HERE
- ]
[ ]
NN R EEeD e N
Y E N TN
Circuit name : CIMCS2_PML Circuit name : CIMCS3 PML
Surface (X —Y) : 2x1.5 mm’ Surface (X —Y) : 2x3 mm’
Designed by : R. P. Ribas Designed by : R. P. Ribas
CMP run : P96 2 (Sep. 4", 1996) CMP run : P97 1 (Feb. 11™, 1997)
Number of prototypes : 12 Number of prototypes : 13
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Circuit name : CIMCS4 PML
Surface (X —Y) : 2x3 mm’
Designed by : R. P. Ribas

CMP run : P97 2 (Sep. 11™, 1997)
Number of prototypes : 87

The MESFET technology from Vitesse
Semiconductors Corp. is most suitable to high-
speed digital ICs, presenting four levels of
interconnection metal. All circuits presented
herein were fabricated through the CMP service
for micromachining purpose using the H-GaAs III

process [4].

Circuit name : CIMCS5_PML
Surface (X —Y) : 2x3 mm’
Designed by : R. P. Ribas

CMP run : P98 1 (Feb. 25™, 1998)
Number of prototypes : 26

Circuit name : CMP_TST

Surface (X - Y) : 4.829x6.536 mm’
Designed by : M. Holjo

CMP run : G955 (Oct. 9" 1995)
Number of prototypes : 13

ORenato P. Ribas - TIMA
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Circuit name : CIMCS2_VSC ~ Circuit name : CIMCS3_VSC

Surface (X —Y) : 2.058x1.828 mm’ Surface (X - Y) : 2.058x1.982 mm®
Designed by : R. P. Ribas Designed by : R. P. Ribas

CMP run : G96_2 (Apr. 23" 1996) CMP run : G963 (Sep. 16™ 1996)
Number of prototypes : Number of prototypes : 20

YERRER T

Circuit name : CIMCS4_VSC Circuit name : CIMCS5_VSC

Surface (X - Y) : 2.062x1.789 mm® Surface (X - Y) : 3.980x3.980 mm®

Designed by : R. P. Ribas Designed by : R. P. Ribas

CMP run : G97_1 (Jan. 13™ 1997) CMP run : G97_2 (May 20™ 1997)

Number of prototypes : Number of prototypes : 60
References

[1] B. Courtois, “Access to microsystem technology: the MPC services solution”, Microelectronics Journal,
vol. 28, no. 4, May 1997, pp. 407-417.

[2] "DO2AH Design Manual”, Philips Microwave Limeil, doc. no. PML-G-SC-0008-E / V2.0, Jan. 1997.

[3] ’EDO2AH Design Manual”, Philips Microwave Limeil, doc. no. PML-G-SC-0009-E / V1.1, Jan. 1997.

[4] "Foundry Design Manual”, Vitesse Semiconductor Corp., doc. no. G56004-0, rev. 6.0, May 1993.
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Appendice E
MENTOR GRAPHICS LAYOUT GENERATORS

— PML HEMT (E)DO2AH PROCESS —

These are the layout generators developed in this work for the Mentor Graphics environment :

a) Specific Applications -

FiiL AC-DC CONVERTER GEMNERATOR
HEMT EDSAH Process - WMCS J TikiA- CWP

. therm - L- e, fum = |
L-twidgmpanie [ L-rasfump=|

W -Bridgaium - I | W-rmnium = |

Rasmior ivyer (missie}- |

o, Fl| iy [Cocail|

FML THERMOFILE GENERATOR
HEMT EDMAH Pracaas - MCS | TIMA-CHP

psen- |
Thermacouple | Bcrostruchare

Hat; = |
U] |
e |

W[ |
tmium)- |

wafum)- |

0 Resed | Canced |

FRIL BOLOMETER GEMERATOR
HEKIT ECAEdSH Pristess — KCE | TG -C1LAP
optioe= [
Ekzment MErosirugiune
wos [ [ wepeg [
Lo | L e |
Ve | v |
i, Gwasl Camca |

b) Generic Microstructures -
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GahAs MEMS BRIDGE GENERATOR
PRIL HEWT EDO2AH Process - MCE § TIMA-DWP

Tirkige ferey ) |
Ertaiges vy =
e Jea s i s

v (egrie -

Ok [ LETEd el

Gaks MEME CANTILEVER GEMERATOR
PRIL HEMT ENEAH Frocess - TS J TS -CLP

Caaviiarvir kesgllsjwa )=
sl WLl i
[y G el i

s [veapes )=

K Rraml | Lo

Gads MEME MEMBRAME GENERATOR
PRIL HEMT EDAH Prasess - MCE [ TS -CHP

Type{li-F}=
wijaip | BB =
L=l 1] | LEwum = |

W0 Ll

Upgn Al =

g g |-

ik Erast |

| ]
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c) PML Electronic Active Devices -

PML TRANSISTOR GENERATOR
HEMT EDOZAH Process - MCS / TIMA-CMP

Typeert)=|
Widthqum)={
Finger(no.)=|
optiongmy={

OK Reset Cancel

FrL GM=-DHODE GEMERATOR
HEMT EDOZAH Pricsss - MCS § TIG-CRP

wdthjuny [
Fingering. b= |
Optisniir - |

oK . Pt | Careel

PML BE-DIODE GENERATOR
HEMT EDOZAH Praciss - BICE | TiiA-CHP

Whithj e |
0 _ vt i = |
Timper —-\.-I

nr_:-u:-:lm-|-|

o || Rl Lagand

PML OVERLAP-DIODE GEMERATOR
HEMT ED0@iH Process - BCS { TikUA-CMP

WA e |

B _comtacifhiije |

aK Ianl | Carewl

d) PML Electronic Passive Devices —
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PML RESISTOR GEMERATOR

PRL MI-CAPACITOR GEMERATOR
HERT ED2AH Prociss - MCS  TiG-CMP

e

FiL S102'58N4-CAPACITOR GEMERATOR
HEMT EDvEtAH Process - kT3 Tikis- CHP

Cigri=

WY [
A | |
Fanbicaf WG A e |

OE el Comomd |

PML INDUCTOR GENERATOR
HEMT ED02AH Process - MCS { TIMA-CMP

wemy=| Lsi)=|

Gum)-| | i@

paim)=| | optmam)-|
Suspended (ym)=|

0K Reset Cancel
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e) Other PML Structures -

PML BONDING PAD GENERATOR
HEMT ED02AH Process — MCS f TIMA-CMP

W1 {um)= i
We (um)= i

Ok Reset Cancel

VIA HOLE

PML DICING STREET GENERATOR
HEMT ED02AH Process — MCS / TIMA-CMP

Chip Dimensions

Delta X (um)= i :
Delta ¥ (um)= % .

OK Reset Cancel
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Appendice F
GAASMEMS IN CMP ANNOUNCEMENTS
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Circuits Multi-Projets

Aim
Tn serve Linemsites Rasasreh Laboralories and dustry @ 10z, MCMs and
MEME fabrcasen, CMP acts ac a brokar for a number of technokagas, far

proboryping and low ynlieng groduckan

Basic lacls
Since 1861, about 220 Irsfibetions from 40 counirics hive bien
serirel. Mo thas 2100 pmjecis haws Geen prifolyped Seough
230 manulaciwing russ, and more than 20 dileren technalopes
Trasse: Bsagn imle raced

Integrated circuits

= 07y CMOS OLM from ATMEL-ES2

= 120 08 06 a GMOS DLPTILM Irom asks

= 12y, 0&pBiCMOS DLPDLM Irom AMS

= 025, up b0 B Meaal Layers, CMOS from SG5-Thomeon

= 06 p Gahs MESFET rom VITESSE 00 4 p starling (22 16605
= 0.2 p Gads HEMT froes PHILIPS {up 1o 80 GHzp

Pricing for profotyping

[T samples chelvered 25 2 mvammn A & saves parkaged)

ATMEL E52 GRS a4F p 1500 FF 5 mmd
[ ] 12 w 1600 FF f mimd
CRILS 03 u 1300 H f mm
NS CME 06 g 1600 FF f mm2
BCM0S 12 u 2300 FF £ mmd
BICMOS s u 2600 FF ¥ mm2
CG5-Thamsan CMIE [T 000 FF Y/ mm2
WITESSE MESTET Gaks 06 g 2700 FF £ mimd
FHILIFS HEMT Gaks DZp G000 FF f mm2

Pricing for low voluma production: upon regues]

Dexign kits for |C design: awibblke for most of the propesses lor
ALLIANCE DOLPHIN MDS TARNER
GADENCE EXERFLAR WIENTOR GRAPHIS
GOMPASSE MAGIG SYNOPEYS

Formats: GOSI CIF @ specili data tases
Packaging: DIL, S0, JLOC, OFF REA.
MCM and 3D packaging
SICM-L Tram BULL

SICM-C from DASSALLT ELECTROMHIUE

MG M-0 irom Thomson-(5F Microdscionigue

L
=
>
= MGM-V {3-0 packaging) Irom 30-Ples

VIEWLINI:

Multi-Project Circuits _‘“"

Micro Elactro Machanical Systems ([MEMS)

B 1.2 p CAWES DLPALM fom AME. compatilde [fonl-gide

il micomachining

= 1.2 p BICAOS DLAOLM from AMS . compalibie front-side

huls mizmmachimig

= 02 p Gakas HEMT Sens PHILIPS, coengalilile tont-cida

b micramazhining

= [eAractree Opocal Elements (DOE) rom CSEM

Pricing for prototyping
ARG GMO% Buk Micromachring 12p 290 FF ! mmd
BitMOE Bulk Microme: hising 1.2y ZHOFF ! mm2
FHILIFS  FEMT Gadc Hulk Micromachinng 02 p  &NFFF! mm2
CHEM [atfeactive Opticat Elernents PN request

Pricing for low valumea production: upon mgies!

MCM and 30 packaging: upo egues
Enginaering kits for MEMS dasign
Mentor Graphics

Pricing for prototyping and low volume productian; cpon moeest

CAD solftware for IC and MCM design
CADENCE MENTOR GRAPHICS, TANNER, WEWLOGIC,

= CoMmprananes St of HOL-A Samelation Mook for MEMS Daviees
¥ Exlesdind Dasgn Hult Coecher

= Technology Specds: Layoul Generatmes ol MERS Specilic Siruciures
= Sibematic Driven Lagou Feslee

= Ansntrogie Eicking Simulshon

= Gross-sechon \ser

Cadence

= Extenaded Dasgn Hule Leacker
*  Tecloology Specdic Layoul Generalms of Elementary Bouctunes.

Participants

1T Unieersians and Ressacch Laboritories s S0 indusiral Gompanies from

0 counirias Fave aready panticipaled

*

Tel i+ 34 TEGTIE MY
Fax:+ 334 78 47 30 14
a-mail - em BT

wam | hlgtima-cmp smag 1e

CMP

A, Awnnue Fili Walet
38030 GREMCILE Cades
FAANCE

pri el # Friech | tascary TR

ki |
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Appendice G
THESIS PRESENTATION

ErTuvpe T CoNCEPTION DE MICROSYSTEMES
Micro-USINES PAR LA FACE AVANT EN UTILISANT DES
TECHNOLOGIES STANDARD DES CIRCUTTS INTEGRES SUR
ARSENIURE DE GALLIUM

RENATO PEREZ RiBAS

Laboratoire TINMA
46, Av, Félx Viallet - 38031 Grenoble Cedex / France

Finaneé par CAPES - Braal (CAPES-COFECUR no 13593

Oremable, le M Ogtebre | 598

Frads o Dovwqphion o Bereop:sea: Hers o me b M Anr e Odfu o b Trelbnoiapes Borsbed’ sex Crewes bl ar dreieors de Clal'em .
&R F Rilint Laboolimie 71 KL%, Groschle (Fras s 1400 B8E 1740

Sommaire

» Caractérisation du Micro-Usinage

* Application 1 : Composants Thermiques
* Application II : Composant Micro-Ondes
* CAO pour Microsystémes

* Conclusions et Perspectives

Wil o o oA b Moyl s o sl mie L Pace Avoe on Oeiuar d Tacbedsms Sadkend day Orcen Soed i oF Ak wra 0 Tallas A
BEF Rt Labmmbmr s TS, (ympdied Fraee . 118008 8 2 1ALy
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O MICROSYSTEMES
(MEMS, MST)

MOTIVATION

. domaines el appheations émergenls
marche : 12 B% (1996) — 34 B$ (2002)
- capleurs de pression et accéléromeétres (1 axe)
. capteurs mtelhgents monolithugue
. sfructures mécaniques ntégrées
- matériaux : 31, AsGa, InP, quartz

O ARSENIURE DE GALLIUM

{AsGa) o o

- lechnologie avaneds / procédés commermanx
. composants électromgues | MESFET, HEMT, HET, ...
- hautes [récuences @ muménoue, analogwgue, micro-onde
. proprigieés physiques @ ophique, péeo-éectnote, ..
. desavantages: colit et capacité d integration

ki @t Coasdapitaon 4 Bercipmmaa Wr o Doal por M Mol Akt aH Debed dis T Ao i 3 Dol s Orvs Sl JF A wd i DaaTaas

B F b - Lakorsian TIbGA, Duinetis (P wce) - 501211558 340

OBJECTIF

Véntier la faisabilité et I'intérét d utiliser des
procédés de circuits intégrés standards en AsGa pour
creer des structures suspendues a travers le micro-
usinage du substrat par la face avant, sans aucun
masquage additionnel,

» ¢valuation de la gravure post-process

» identifier les applications potentielles

« explonter les avantages de 'AsGa

» service multi-projet; fabrication en volume

ke o Corcegnion de 2o MW Lainey por ba Sacr depeten CSnand s Toctrodopie s Sonderd 2o Clresah olrpees oo Arsenions o Calbus T
QIRF Fuba. L daassiars TIHUA, Qranctls (Feaed) 20000 %08 4740
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Sommaire

* Introduction

* Application 1 : Composants Thermigues
» Application Il : Composant Micro-Ondes
* CAO pour Microsystémes

» Conclusions et Perspectives

Eedd Dot ori o iy Brimgd e it i L g A g [Tt oy T biriockopad § Pk Aed Dot 0 bdmeds s Araivins b kil & '1|:|
| a4

= m——
B P Bikar- Lavassins TIIIH!. O sarcH s Frarcd) - 300 0A SR

MICRO-USINAGE EN VOLUME PAR LA FACE AVANT

i [ —res. o+ compatibilité avee les ICs
e ] s

* utilisation de procédés standards

T © = gravure humide post-process
8 = technologies CMP AsGa -
R TR B g Vitesse MESFET e PML HEMT
E _——rr—=l ol
=] T Strucrures savpenduey (procédis P HEMT) @

afurm e

o ]

ok of Coviceiren e Mirrcopi e Blrio Yot per 1 Fare Awet o Vsl dee Decfecbegs - Savdord s Do hid ks e dromiee e Ol ;
BELT Ribes, [ demsrais TiM b, Drssll o Fiumiel 1040 560 - B0
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COUCHES RESIDUELLES

* Vitesse MESFET
» procédure de pré-neftoyage

wmmp Suite: PML HEMT ...

Erudy ar O on 8 .h-mfr"“"“ Hime Wods o (2 Bdw A vt ow Uilzomd o Tereedogpe: Soruierd das CTeoe bndpro e drtewire o Oolkom -y g
SR F Folmis. D ispsimne TIRAA, G revpdi e o Foimsd o - T80 00 00 [} ll.n

STRUCTURES PROPOSEES

 gravure sélective : couches d'arrét
» gravure anisotropique : {111} Ga plan lent
« métal et couches diélectnques seulement

"
ARih —
[S— P
= S w—  —
=
L F AR = LY "'.‘l
e il Tive v __ﬂ'.'"‘_:: . e
'
Spharat el Srhore SdEs Sarwret dnlis T

e oF Conevpiion dr crapm e e bero s e b Sace ;
whccawoda s TR, (@ rerwhla [Fracad) « K18 A O B/40
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GRAVURE SELECTIVE

O Solutions : NH,OH, Acide Citrique. Acide Succinique
U Applications : bolometre (résistance). thermocouple...

Bipls 8! gyt iy 5 Wy Bwros L I Fl:l'\!ﬂ of we [Edinsd e Ttk Hoymadeeof a1 Trewit g e 4 i A i
Fibun, Lataruuars TR, Grassbin (Fisnes  1EAOETRE . s y o et b+ VT

GRAVURE ANISOTROPIQUE

O Solutions : H,SO,. H;PO,. NH,OH, Br,:CH,OH
Q Applications : composant électronique suspendu,
thermocouple, composant piézo-électrique ...

e e T 14 = I'-EI:HI 1] i dea .HIE'H .ﬁn-i. J Tl ey Magged e Arule T ] [}
lEF;‘h— :Il:?‘:'l'l.'lli Ti ﬂli'l.:"u':;l'rl:lu FI:I.:.-Iilltl.lj'l.hll ! et s 4 - B Iu.l l'ﬂ
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STRUCTURE METAL / DIELECTRIQUE

Q Selutions : Acide Citrique, H,PO,, NH,OH

QO Applications : composants micro-ondes suspendus

Wietallis ation

M1 AT — MRS

Subatrat AsGe

i o o Coverpiem e Birroprn wm pg i e 0 et poe (m Fare e m Do deo Tierbreak g o e e Qe Prtipea s mr s imrey sin sl T
LT Fikies.; b stsoarmarss I h, 3 e (7 v - 101 QA PR 117440

{ONCLUSIONS DE LA GRAVURE

» vérification de la électronique _ rosace
« influence de la température, \
de la concentration et de 1"agitation

 dhagrammes de vitesses de gravure
{masque en forme de rosace)
» propriéiés mécaniques el thermigues

s caracterisation au nivean du wafer

Identifier les applications ...

s o Corewpmn o rakimpt Ko Ueds me b Sewdeo oo ey de Facfeclopr: Sorvierd o Do Seldgres sor bsieurs o el )
B 5 Rt | dheoeuscni s TIEA, G aresili [Fromudl . WU B 558 12040
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Sommaire

* Introduction

« Caractérisation du Micro-Usinage

« Application II : Composant Micro-Ondes
« CAO pour Microsystémes

« Conclusions et Perspectives

Tesdy or Cosicemion di Mdererps s Bere- [ por Ly Maer Adwaet en USTo oot der Tecirels e 1 Soabord s Crevie Soldeads ne desdwiars dr Calles r
OF F Feba - Lyaasdnrs TIMA, Orazea {Frares) - 500001595 13/40)

CovPosSANTS ELECTRONIQUES SUSPENDUS

R k o - =T
U Composants 72 e
Passives l T 1 R
i P T
(resistance)  mmm——
5 < i
* bolométres ‘ 1 bl
S — - olli Wi
5 f 4 I||r.|.|'i.. w i imdew Ph salin sl

"'rr.i

U Composants Actifs

(diode / transistor)
» convertisseur RMVS
= cirouit de contréle

ks gr i v ol o v ey e b e (Pl A v g Db den e bwei gy Jadiedd iy (liviam bipd pedt s detatstgig i Clglnas f
BE T Fib . L shstinira TIRR, 13 s s s (Finoa) - TEANS G 14 /40
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THERMOCOUPLE

» Effet Seebeck : tension générée a partir d'un gradient de temp,
» Absence d’offset et de polarisation, voltmétre pour lecture
* Régions suspendues (poinis chauds), substrat (peints frouds)

Fffer Seeheck Thermopile MW

TR fliEpe i

M e diffleng

Erure of Cor

et 194
BFLF Fibaa - Laborsdars TINMA Govatde (Fr e} -

AsGa/ TiAu THERMOCOUPLE

Yon dr s Jlicro- (hends mr o Raor Avee m Uainoot do Techmolo pirs Sooderd des Orows foideeds sor drstviore oo Jobbon =
- AN 15740

O Intérét : | aVE) | k(WK
Crads = ) 44
TiAu 0.1 314
Foly-n - 63 30
Poly-p 135 30

O Structures : |

o oo o Brimgd e it i L g A g [Tt oy T biriockopad § Pk Aed Dot 0 bdmeds s Araivins b kil I.ﬁ '1|:|
Er:

BE T Fkar '_.'b.:.lu.:HTIIIEl. DeareHaiFransd] - XA
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PUISSANCE INCIDENTE

O Reésistance chaufTante
= convertisseur electro-thermique (F10)
. c'ﬂptﬂur df-' ﬂl‘l“‘l": dﬂ gE'IE [ Th =+—— ditferene de emperahure

® l:ﬂptﬂ'l.l‘l“ de vide —
. f Ln R R e S R R e A N e e
haraler . !

J Radiation :
* capteur infra-rouge (1R) derzslionion appliques wndformemsrt

VYV vV vy

thermaocusls

Th =—— I

B lenpErdisy ———w  To

e o Ot d Mlicvoapo doeeen iy o Gindy pa To e Arar oo Uloes dio Tacieckqprs Sondord da Oresis B ey o Aradovers o Talem -
BAF R Labersones TIKA, Orensbir Framrs - 10 04 7 17740

MODELISATION

(] Anul}'th e
AT, - [ 5 W4T + 1 G G leothl 1) ntuht,ﬂ']"} U Méthode des Eléments Finis
G-,.h..ﬁ',._{i'_q tﬂmlﬂj

d Modéle Electrique 4_|

| | ——rrerermy —r—— -

=
Wy : '_

LA e o

[ .5 e

Ersbi or Tiowgpwas de by oimar Moo Mipas jer Li facs Aeopr an [ahoeer di Techivilogaan, Boaderd A Trore bndprd eor Ssiaws o Tobeas i
HEF R, Labiskcars TIRA, O uyalls (Frardss . TOLTASE i5/40
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RESULTATS ANALYTI QUES
ET PAR SIMULATIONS
ATy T (ms)

ETC str #1 150 0.4
ETC str #2 21 0.4
IR str #1 012 0.6
IR str #2 0.34 0.6

* Thermocouple de 200 pm de longuesur

SEETC (ImW ), TR (1000 Wim

E?E#{Eil-fl I:‘:."Lw'lﬂﬁalirﬂ“u;]rl;ﬂﬁ Arari ee s et ez Factver koo : Borvierd S0 Oroa b Mlegris sor Aedaare de Ol 1540
FABRICATION
Capfenr infr-rouge
Convertisvenr flectro-thernigue
wmmp Fn cours de caractérisation !!!
:;..I; ;I:‘L H...u-;ﬁ:irh'l:'lrr ﬁ!-i.r::uﬂ:.rl I‘L.::.a |;;1|.; .ﬁ";!' At an Ut oo o Taduwdz g Shoradord da: Oman bdeva or dradanes o CaTuss "'D.-'-‘.IL'I
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Sommaire

* Introduction
* Caractérisation du Micro-Usinage
* Application I : Composants Thermigues

*« CAO pour Microsystémes
* Conclusions et Perspectives

Jels ot Coovaprion g Bhorooprmmvey BT s Uoedy por by Mace At on Dekioer din Taseen e Siouiord ey Dlresot obrgrds oo Arsgmweg ok Jalem a5
5 F Fata - Lborniars TIRLA, Omareta (P - M35 21740

Circurrs Micro-oNpEs x MiICRO-USINAGE

= Intérél : télécommumications, Intemet, réseaux de satelhites. ..
« Version monolithique (MMIC) : £ de transistor { AsGa, 510Ge)
« Composants passifs © effets parasites en hautes fréquences

* Inductances planaires : filtres, réseanx d’adaptation, ...

* Micro-usinage : blindage, mis en boitier et suspension

* PML HEMT (E)DOZAL : procéde speeifique pour MMICs

e oF Corevpiion dr crapm e e e s e b Sace Arad er DSt de Tectecbogpe s Bovted 4y Oroab egrin sor e e e o
BRT whccawoda s TR, (@ rerwhla [Fracad) « K18 A O 2240
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LiGNE DE TRANSMISSION MICRO-RUBAN

® VR R S s g
bﬂ-’lnﬂrulltqrrrp-r-.hr -‘!..-----“

|...1. % ; : #Ela__ !..

sk gt ipmyrajiion 4 i Wi ok s o T Flrr-'lrrrrd'r Ui ired i Tirbrodegie s b o e (v drbdgedti i Arama iy e Tadiem .
&% I Fibas. Laboyweil s TOWA, TrtantiecFrads HGEE 23740

INDUCTANCE SPIRAL PLANAIRE

» prpacifd s

L;-mr]_ {Cr+C, :lR:J iy
R | Ly

iy 4F Conw ar W Mir- D hal-ﬂ‘l"‘-ﬂ w L ipore’ ke Tachres Soricherd dra Oroa B b sor Arsd e ] |
BEF R {E&I-ﬂ -:-1::.w.lu|r. HI-I'I}II;I:I ‘ - o - = e A 1'1 -1':'

=
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INDUCTANCE: FABRICATION ET M ESURES

| ¥ :
AT s modéle ¥ mesire
:—_ '—I -... e

' = = facteur O x aravime
w ﬁ e T o Rxpgm i

Endi a1 7 i oed ke (Lt g 1 el s o (' Placy Aegir ani Nnbvaa e des Tag i gard Spacgiesd’ did Orum bndpdi e drodssrg e Ol e "_Iﬁ'
BE [ b L saasaiois TIRAA, 3t n (Friewd) - 0 0R 50 5440

TRANSFORMATEUR PLANAIRE

» moddéle x Mesures

T T B e

EVEZ 1A E2 T magsad
—— e 51 p A AA ) iadal
PN A 1) made

- ""E'r, * madiie
A A
P = Cp=0Cx
gl "“l AOF—»1 51V
TR ¢ Cm
Ba'R Hal & B} a2 HHHTF - §0IF
|
g__d-l .l'l-\.":n'l H#Jﬁ'rlhaﬂ:':{l}:l'r .I'“l_'l-.' _I_:l" n’lrr Areed v Ut e Teredoge & Suwwed dee Clrrwits eiegrés sor rsisiore e Gl b 15 /40
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EvALUATION THEREUQI.’EE ET MEE'A;\'—IQITEE

* Rpe augmente 30% a chague 100°C
s §i02 = 50-55 MPa (fracture)

Vimi—wm (ol e Celeee Leeem GET Newocerdn

Pipks ! Corncdifroe i Mlcrogrs s i e Clbometi e b P A reid i D eed st Tor bt Soriand ot Cleme, g s A sdamng i (Febirs T
B I Eibas. 1 4barsiou s TTRIR, Cirpsis [Rimazsy . M1 311058 Trigh

CONTEXTE DU TRAVAIL

2 1 24T MEMS propasd par J, M,
» service de prototypage CMP | g g
« CAD microdlectronique ﬁ-.i.-_.r |"-'-:'_" !-':-J] —a= ]
« partenaire Mentor Graphics L-—:hg-i _,;*;:*EJ-. =5 ——T1

- régles de dessin i

2 | A o L Th
- generateurs de layout ""-'J.-u—""__z- e ﬂ.b
Y | i

- Vg en coupe et en 30 W;_  W—
- vérification de la gravure | - s T
O VERIFICATION DE N S 0

REGLES DE DESSIN (DRC) | B e

[
= couche fictive ("open area’)

. . pry, L A O I T
* conversion automatigque ]‘-ﬁ% = e
Al 5 megiis e Wiy WL U ot o i it s e W4 s Tabab ) skl s i LA P ke 8 OWim 300
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GENERATEURS DE LAYOUT

» optimisation du temps de projet, DRC automatique
* plus flexible que les cellules paramétrisable
= aide aux concepteurs non-spécialistes
= applications spécifiques, structures géncrales
el composants ¢lectromques PML

Rrdtre d Tater fioe

FRIL AC- N COMYERTER GERERA TOR
HEUT TERAH Praaia  WOE TR Cue

Hl.l'_.-ll

| —

¥ erage e ! | e

L | o ppa |

e e ar

ekt r g ok ol rird Mt Bl oo Domts ke L Blavg g o Cpleead dig Taovmardn oo @ Sgembord clnd Civain bndgeds ge detdeiaed o ol
BEF Fikan- Laborsboiss TIBA O rsasblsFrancs) - 300 01 900

VISUALISATION EN COUPE

ki o1 v e v e M voihlE s

Je (i Pty daeil g ITEbLET g Ty o i
B0 T R b« Lslesuindis TIRSS, O vl Fiaa’ o JT0ES0

chindea ki (TRaE bdped as dodais G el
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VISUALISATION EN 3D

* illustration du procédé de fabrication
* génération des modeles géométriques pour FEM
* formats : ANSY S, GeomView (coff), X3id {obj), VRML, ...

#npk ot Cocepren e Birecrpimew beis Moy per ) Fue Awet e Dsirer ier Tereciegys: Savard s Diemts el e deomier e Ol
BEET R, L shmeranki s TULI A, okl s £ Froginio . B0 AESA : 33740

GRAVURE : PREVIEW ISOTROPIQUE

» preview rapide de la gravure
* gravure isotropigque

Doapramme s g vifegses de provere |

el df iyt ol B poits | Bn Bl vl T sada j [ Pt A v 1000 gt bl T bl s ool i, (TR0 Bl o dridriird o iV
2 T Eibas - Laborwors TO A, (Tranets Fransa - 15105 06 34440
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GRAVURE : PROFIL VERTICAL (2D)

D Interét = anien, wh EA L
e - - - T
= i |
:-.EHE
o
: ‘
L
=
e BT |
L

L v LT ] TS ol A g Uil e i
LS LY

[ mr e AR e m R EE T m e

1 wiah Priagees e Areteorre o Clalbees
-H'-F ...... Lwarmia I _.._ ------- " Kl

35040

= penene MIEAES
A e en coupe ef 30
—e diggramme de gravure

R vérification de la gravare
| convertisseiur ‘open area’
= péndraters de layonut
4 —— DRC MEMS-électronigue

Rl ot «Soid A i ol bilfem-caprgtm it Mlarssi [Tinedd pook L Bty Al i L0 il s Taot Wik s Dosadon d ) Clirid il M) L bdid obd ol Tioh'nes 2 7
ELF Rhwr, Laboswrars TIMA, Ol Fraes . I05A03E BT
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Sommaire

* Introduction

« Caractérisation du Micro-Usinage

« Application I : Composants Thermiques
* Application 11 : Composant Micro-Ondes

* CAO pour Microsystémes

ey ot Corerroes dr blrosy sheas Bliers LDzl moe Le Feer Avod oy Dl i Tecfaeds pi 1 Soaderd ofe Conen Sl et e dbsdeirs 8 Tollem =
5 F Sabar- Laborstors TIMA, Oreagber Francs) - 500 0 55 R L

CONCLUSIONS GENERALES

 Structures mécamques compatibles avec électronque
» Excellents résultats de gravure avec PML HEMT

» Composants électroniques suspendus

» Capteur de puissance micro-ondes (thermopile)

» Nouvelle structure d’inductance planaire

« CMP : prototypage MEMS et “Engineering Kit’

Evehl i Oy od o B crpa i By sl nie Lo Racd Araie dn Dnucer g Tine ooy 3 Sordond S Oeoi B Salpads or Ao & Gollas . &
ST Bibar- LeSansinrs TIRA, Oearcls Francd - 30000 %8 Jh -"1 I:l

ORenato P. Ribas - TIMA G-18



Maskless Front-Side Bulk Micromachining Compatible to Standard GaAs IC Technology

Appendice G

TRAVAUX FUTUR

» Caracténisation de gravure supplémentaire

» Etude des propnétés mécaniques et thermiques

» Capteurs : piézo-€lectrique, optique. magnétique...,
« Conception MMIC pour exploiter les inductances

« CAQO : simulateur de gravure 3D, modeéles HDL-A...
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