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Mercredi 18 mars 2026

Jeudi 19 mars 2026

9h00 Accueil

10h00 Les matériaux semiconducteurs grande surface pour I'électronique

Par I'agence de programme ASIC & parrainé par Jéréme Faist (ETH Zurich)

INL CPE CPE

13h30 Accueil

14h00 Photonique intégrée hétérogéne

Sous I'égide de la DGE, de I'AID et de la DGRI

Electronique de puissance
Sous I'égide de la DGE et de la DGRI

BASSI CPE

NL

Workshop nanocaractérisations
Réunions de consortium des projets EMCOM, BEP & FERROFUTURES

18h00

PE

Keynotes
«De la vue d’ensemble au souci du détail, une schizophrenie nécessaire»
Yves Bréchet

(&

«Matériaux critiques, quelle stratégie pour la résilience dans les chaines
d’'approvisionnement en électronique ?»
Guillaume Pitron et Laurence Rimbeuf

20h00 Z Cocktail dinatoire

8h00 Emargement, distribution des badges
Accueil café
8h30 W Mots d’accueil
[3) CPE : Gérard Pignault

INL : Bruno Masenelli

INSA Lyon : Marie-Christine Baietto
ECL: Christophe Corre

Lyon 1 Université : Bruno Montcel

8h45 Présentation du PEPR Electronique par les directeurs de programme
CNRS : Isabelle Sagnes
CEA-Leti: Thomas Ernst

9h05 Présentations flash des travaux des doctorants et ingénieurs. Partie 1
Projets : RESISTE, COMPTERA, VERTIGO, GOTEN, FRENCHDIAM, OFCOC,
NANOFILN, FUN-TERA

10h05 Interventions

DGE : Jean-Noél Buis

DGRI : Laurent Béchou

CEA : Jean-Philippe Bourgoin

CNRS Ingénierie : Lionel Buchaillot

Agence de programme ASIC : Olivier Ducloux

Fédération de I'électronique frangaise : Sandrine Beaufils

10h25 Pause
10h45 Présentations flash des travaux des doctorants et ingénieurs. Partie 2
Projets : T-REX-6G, OROR, EMCOM, BEP, FERROFUTURES, CHOOSE,
ADICT, PAC, PFNC, RENATECH
w—l
h4s 2 Déjeuner autour des posters
14h00 Tables rondes. Partie 1
Les composants pour les télécommunications & la montée en fréquence
OROR, OFCOC, NANOFILN, FUNTERA, T-REX-6G
L'électronique pour le calcul
E EMCOM, BEP, CHOOSE, FERROFUTURES
l6hoo  © Pause
16h20 Prix des meilleurs posters
16h40 Tables rondes. Partie 2
L'électronique pour la conversion d'énergie
GOTEN, FRENCHDIAM, VERTIGO, PAC
La perception numérique, capteurs et matériaux 2D
RESISTE, COMPTERA, ADICT
18h40 Discours de cléture




Les réunions de consortium

Les orateurs des keynotes
Mercredi 18 mars - 18h - CPE

Mercredi 18 mars
14HOO

*EMCOM
* BEP
* FERROFUTURES

Vendredi 20 mars
8h00

* PAC [ PEPR Initiative Packaging
* COMPTERA

* RESISTE

* GOTEN

* CHOOSE

* ADICT

* FRENCHDIAM & VERTIGO
* NANOFILN

* OROR

*T-REX-6G

*FUN-TERA

Jérébme Faist

Jéréme Faist est professeur a l'institut d'électronique quantique de I'ETH Zurich et est
également directeur du FIRST Center for Micro- and Nanoscience & I'ETH. Ses recherches
actuelles portent sur le développement de lasers & cascade quantique haute
performance dans l'infrarouge moyen et lointain et sur la physique de la cohérence
dans les transitions intersubbandes en présence de champs magnétiques puissants.
Ses travaux pionniers sur I'ingénierie des fluctuations du vide dans les métamatériaux
térahertz et la démonstration d’'un couplage fort entre les niveaux de Landau et les
métamatériaux constituent une contribution durable au domaine de la science des
matériaux, favorisant le développement d'outils et de concepts uniques pour un usage
scientifique, industriel et médical.

Il est 'auteur de « Quantum Cascade Lasers ».

Yves Bréchet

Yves Bréchet est professeur en science des matériaux & Grenoble-INP. Auparavant
consultant dans le monde industriel et membre de la Commission nationale pour les
déchets nucléaires, il est nommé, en 2012, haut-commissaire & I'énergie atomique. Il est
également membre de 'Académie des sciences et professeur & I'université de Monash
(Australie). Il a été Directeur scientifique de Saint-Gobain de 2018 & 2025.

L'activité scientifique de Yves Bréchet, aussi bien sur les plans de la recherche que de
la formation, est centrée sur la science des matériaux, et en particulier des métaux
et alliages. Tous les travaux de recherche qu'Yves Bréchet a menés ont ce point
commun : extraire des questions industrielles les verrous scientifiques essentiels qui
nécessitent une recherche fondamentale pour progresser dans le développement de
matériaux de plus en plus performants.

Guillaume Pitron

Guillaume Pitron est associé fondateur de Psyché 16. Il est reconnu pour son expertise
sur les métaux critiques dont il est devenu I'un des experts en France et en Europe. Son
expérience des principaux terrains miniers mondiaux (Chine, Indonésie, Argentine,
Afrique du Sud, Etats-Unis..) et sa maitrise des questions géopolitiques, des enjeux
environnementaux et réglementaires le conduisent & conseiller les acteurs industriels
en matiere d'intelligence minérale, d'évaluation de leur degré d’exposition aux risques
et d'éthique des affaires. Il est par ailleurs auteur de 'ouvrage d’enquéte « La guerre des
métaux rares », Ed. LLL, prix du livre d’économie 2018, et chercheur associé a I'RIS.

Laurence Rimbeuf

Laurence Rimbeuf est associée fondatrice de Psyché 16. Elle accompagne les acteurs
institutionnels et industriels notamment dans les secteurs aéronautique, énergie,
construction, utilities et renouvelables. Parmi ses principaux domaines d’intervention
figurent les stratégies de sécurisation et de diversification des approvisionnements
matieres, I'élaboration de plans de crise et de dispositifs de prévention des risques.
Laurence encadre également les stratégies d'économie circulaire, de sobriété
industrielle et d’économie de la ressource. Elle participe en outre au déploiement de
I'intelligence artificielle au service de la prospective des marchés mondiaux des métaux
et matiéres premiéres.



Les stands

SET

Basée en France, SET -Smart Equipment Technology- est un leader mondial en Flip-
Chip Bonders haute précision et en solutions polyvalentes pour la Nanolmpression par
Lithographie (NIL).

Depuis 1975, nous concevons et fabriquons des équipements pour le monde des
semi-conducteurs, dédiés & des applications ultra-précises. Nous accompagnons les
laboratoires et industries recherchant une grande précision et une fiabilité élevée dans
'assemblage de leurs composants.

Avec des Flip-Chip Bonders installés dans le monde entier, SET est renommée pour sa
précision submicronique inégalée et la flexibilité de ses équipements.

Allant du chargement manuel jusqu’d la version tout automatique, nos Flip-Chip
Bonders couvrent une grande variété d'applications. lls offrent la possibilité unique de
manipuler et d'assembler des composants petits et fragiles sur des substrats et wafers
allant jusqu’a 300 mm.

AV\V\EC . 2025-2026
CEL’INGENIERIE

CONSTRUIRE UN AVENIR SOUTENABLE

L’Année de l'ingénierie

L’Année de I'ingénierie est une opération nationale de médiation scientifique, pilotée
par le CNRS, 'Académie des technologies, le Ministére de I'Education nationale et le
Ministére de I'Enseignement supérieur, de la Recherche et de I'Espace, qui se déroule sur
toute I'année scolaire 2025-2026. Elle adresse deux défis : montrer comment l'ingénierie
peut contribuer & construire un avenir soutenable et responsable, et montrer comment
elle peut contribuer & renforcer 'autonomie stratégique de la France et de I'Europe. Le
public visé est principalement constitué des éléves du secondaire (colléges et lycées),
ainsi que de leurs parents et leurs professeurs. Parmi les objectifs principauy, il s'agit de
déconstruire les stéréotypes de genre, sociau, territoriaux, et de formulation. Il s'agit
également de montrer la grande diversité des métiers de l'ingénierie, de I'ouvrier au
chercheur en passant par le technicien ou I'ingénieur, femmmes et hommes. Retrouvez
sur ce stand toutes les actions pilotées par I’Année de I'ingénierie.

Vous y retrouverez également des informations sur le GDR Defie — Dispositifs
électroniques a faible impact environnemental. Ce groupement de recherche a
pour objectif de fédérer au niveau national les personnels de la recherche publique et
privée impliqués dans le secteur de I'électronique soutenable (https://defie-cnrs.frf).
Cet objectif résonne particulierement avec le défi « construire un avenir soutenable »
adressé par I'Année de I'ingénierie.

Vous pourrez aussi découvrir « La fabrique du Nano », un jeu de société scientifique
original créé par Nathalie Lidgi-Guigui, porté par le PEPR Electronique et labellisé Année
de I'ingénierie. Ce jeu propose une immersion ludique et accessible dans le monde des
salles blanches. Il a une vocation pédagogique et de vulgarisation. Il a été distribué
dans les laboratoires de France et certains établissements scolaires.

Vous pourrez faire la demande d'une boite et vous inscrire & un webinaire pour
apprendre a jouer.

Sera également présenté un kit pédagogqique : « de la micro-fabrication vers les
systémes embarqués ». Ce kit s'articule autour de trois piliers : I'initiation aux procédés
de salle blanche, linstrumentation de micro-capteurs et le pilotage de systémes
embarqués. L'application centrale est le contréle d'un micro-thermocycleur sur puce,
similaire & ceux utilisés pour 'ampilification d’ADN (cadre des tests PCR).

Le systéme intégre sur une plateforme unique linstrumentation, un contréle par
microcontréleur via écran tactile et une phase de calibration thermique in situ. Il
exploite un micro-dispositif fabriqué en salle blanche & ESIEE Paris (ESYCOM UMR 9007).
En complément, un site web dédié permet de virtualiser les étapes de microfabrication
de la puce, offrant une immersion dans I'environnement d'une salle blanche et la
découverte de ses équipements.

Site web : (virtu-chip.esiee.fr)

Site web de I'année de l'ingénierie : anneeingenierie.fr E
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Thomas Ernst et Isabelle Sagnes

L'équipe d'organisation
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CONTEXTE

OBJECTIFS
INITIAUX

LES LABORATOIRES
DU PEPR

VUE D’ENSEMBLE

MEMOIRES

FERROELECTRIQUES

L'électronique est au coeur des fonctionnalités numériques des produits et services
dans nos sociétés et devient un enjeu stratégique, faisant I'objet de forts risques de
prise de contréle que ce soit par des industriels étrangers ou d'autres Etats.
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LELECTRONIQUE
POUR LE
CALCUL

C'est fort de ce constat que le Gouvernement a fait de I'électronique un choix
prioritaire dans sa stratégie nationale de recherche et de développement
technologique et industriel. Il a notamment confié au CNRS et au CEA le pilotage du
PEPR (Programmes et Equipements Prioritaires de Recherche) Electronique visant
& générer des innovations pour accélérer la croissance et relocaliser certaines
productions en France ou en Europe grdce & des solutions technologiques nouvelles
et ce, de maniére durable tant sur le plan économique que sur le plan écologique.

MEMOIRES
MAGNETIQUES

OPTO-RF

> Créer et soutenir des filiéres technologiques nationales, dans les
laboratoires académiques a fort potentiel industriel

> Stimuler le développement de technologies a un niveau de maturité
convaincant (TRL 4)

> Regrouper des compétences scientifiques dispersées au niveau
national

> Impulser une convergence matériau-composant-sous-systéme
entre des équipes de recherche pertinentes

2 projets d'investissement
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BILAN A 4 ANS

Depuis septembre 2022, le PEPR Electronique a impulsé une dynamique
sans précedent dans le paysage de la recherche du domaine. Seize
projets scientifiques, portés par des consortiums réunissant 5 & 8
partenaires, ont été lancés: ils ont non seulement atteint, mais souvent
dépassé les jalons scientifiques initiaux, positionnant la France &
I'état de I'art dans plusieurs domaines stratégiques.

Le programme a contribué & structurer des filieres nationales
cohérentes, depuis les matériaux jusqu'aux composants et sous-
systémes. Plusieurs démonstrateurs ont atteint un niveau de maturité
technologique d’environ TRL 4, un cap essentiel pour une recherche
amont orientée vers un impact industriel & moyen terme.

Ces avancées s'appuient sur des infrastructures de tout premier
plan. Les centrales RENATECH et la PFNC, renforcées par les
investissements du PEPR, ont modernisé leurs équipements, acquis
des instruments de haute technologie et resserré leurs liens avec le
CEA-Letiet ses plateformes 200 et 300mm. Ces plateformes constituent
désormais un socle technologique transversal, en interaction étroite
avec d'autres programmes nationaux (Quantique, Réseaux du futur,
Spintronique) et initiatives européennes.

La gouvernance du PEPR Electronique repose sur une organisation
volontairement légére, opérationnelle et ancrée dans le terrain. Le
pilotage conjoint du CNRS et du CEA, en lien étroit avec les copilotes
des projets, garantit une coordination efficace, réactive et adaptée
aux besoins des communautés.

Lesinteractions avec les industriels et les startups, bien que centrées
sur la recherche amont, sont bien réelles et structurantes. Elles
renforcent la pertinence applicative des travaux, sans compromettre
I'indépendance scientifique nila capacité d’exploration de long terme.

Pour la suite du programme, les priorités sont claires : consolider
les filieres technologiques, exploiter pleinement les plateformes
investies, renforcer les coopérations inter-PEPR et européennes,
intensifier les synergies entre le CNRS, le CEA et les universités,
et contribuer aux enjeux de souveraineté technologique, de
formation des ressources humaines et de durabilité/soutenabilité
environnementale.

Aujourd’hui, le PEPR Electronique incarne une réussite collective et
répond pleinement aux objectifs de la Stratégie France 2030. Sa
poursuite est essentielle pour valoriser les résultats, former les talents
de demain et pérenniser les infrastructures. Enfin, la sensibilisation des
jeunes aux métiers et aux enjeux de la filiére électronique demeure un
défi crucial pour garantir la souveraineté technologique de la France
dans un domaine aussi stratégique qu’exigeant.

Ainsi, le PEPR Electronique s’‘affirme comme un modéle de recherche
structurée, alliant excellence scientifique, vision stratégique et
impact durable.

60 Ingénieurs [
Post-Doctorants

-
+de 126 équipes de
7° \ recherche

permanents
dont 200 ingénieurs et
techniciens

environ $

impliqués

86 théses lancées




Thematique
La perception numerique

RESISTE

COMPTERA

IEMN | LAAS | IMS | IES | CEA-Leti | ESYCOM | CRHEA | GREMAN

Le projet RESISTE vise a développer une filiére nationale spécifique aux
capteurs micro-électromécaniques MEMS destinés & fonctionner en
environnement sévere ol régnent par exemple de hautes températures,
des atmosphéres corrosives, des radiations, des forces ou des accélérations
trés élevées. Dans ces situations, les capteurs MEMS traditionnels & base de
silicium ne sont plus adaptés, ce qui nécessite une nouvelle approche. Des
matériaux, comme le diamant et le carbure de silicium en couche mince ou
substrat, ontdes propriétés critiques li€ées aux contraintes des environnements
sévéres qui surpassent celles du silicium. lls sont au coeur du projet RESISTE
qui relévera les défis rencontrés dans le développement des nouvelles filieres
technologiques associées a trois domaines d'application : I'anémomeétrie
d’écoulements extrémes, la mesure d’hyper-accélérations et la détection de
composés chimiques en milieu radioactif.

IEMN | LPENS | IMS | CEA-Leti | L2C

L'imagerie THz connait un essor important en lien avec le développement des
technologies de composants intégrés semi-conducteurs et photoniques. Les
applications sont nombreuses et touchent & des domaines stratégiques pour
I'industrie nationale.

COMPTERA vise le développement de composants avancés pour les futurs
systémes d'imagerie multispectrale en gamme THz (0,3-30 THz) qui feront
appel & des technologies trés variées & la frontiére de I'électronique et de
I'optoélectronique, en particulier des détecteurs & haute sensibilité adaptés
& chaque gamme de longueurs d’'onde (notamment micro-bolométres,
détecteurs a effet de champ, photodétecteurs unipolaires & multi-puits
quantiques). Une partie de ces capteurs ultra-sensibles sera ensuite
intégrée & des systemes d’imagerie adaptés & la démonstration de leurs
performances.



RESISTE

Epitaxy and technological challenges for SiC-
based CMUTs

Q. David'? K. Azaiez? S. Chenot? F. Barcelld', C. Berger, I. Dufour?, F.
Mathieu?, D. Alquier', J-F. Michaud', M. Portail?

I. GREMAN UMR-CNRS7347, University of Tours, INSA Centre Val de Loire, 16 rue Pierre et Marie
Curie, 37071 Tours Cedex 2, France

2. Université Céte d’Azur, CNRS, CRHEA Laboratory, rue Bernard Gregory, 06650 Valbonne,
France

3. IMS UMR-CNRS 5218, University of Bordeaux, 351 cours de la libération, 33405 Talence
Cedex, France

4. CNRS, LAAS, F-31077 Toulouse, France

Capacitive Micromachined Ultrasonic Transducers (CMUTs) are microelectromechanical
systems (MEMS) that can be used to generate and sense acoustic signals. Compared
to current detection solutions, CMUTs are showing excellent performances in ultrasonic
applications requiring sensitivity and reliability* However, like many MEMS, CMUTs are
classically elaborated using silicon (Si) or dielectric materials (PZT) making them
unsuitable to operate in harsh environments. Since many years, silicon carbide (SiC) has
attracted significant interest for the development of MEMS. His remarkable properties,
such as its wide bandgap, high Young’s modulus or greater resistance under extreme
conditions, make it a promising alternative to Si for the fabrication of MEMS in the field of
sensing in harsh environments?3.

In our groups, we investigate the interest of SiC/Si heterostructures elaborated by
chemical vapor deposition (CVD) for providing resonating membranes, fabricated by
surface micromachining or by wafer bonding, as base elements of sensing devices.
Although, the growth of SiC/Si heterostructures has been the subject of different studies,
several challenges persist to obtain a membrane with good structural quality4®.

In this work, we will present the different technological steps required for obtaining an
original SiC/Si/SiC/Si heterostructure where the crystalline growth direction is preserved
along the stack, by Low-Pressure CVD (LPCVD). A structural and morphological analysis
of these heterostructures was performed using X-Ray Diffraction (XRD), Scanning/
Transmission Electron Microscopy (SEM/TEM) and Atomic Force Microscopy (AFM) to
assess the quality of the grown layers. On the other hand, we will present technological
advances in the surface micromachining approach using these multi-stacks on the
development of SiC-based CMUTSs for sensing in extreme conditions.

References :

[1] M. Pal et al, Materials Physics and Mechanics 49(1), 85-96 (2022)

[2] G. Ferro et al, Critical Reviews in Solid State and Materials Sciences 40(1), 56-76 (2014)
[3] J-F. Michaud et al, Mater. Sci. Semicond. Process 171, 107986 (2024)

[4] R. Khazaka et al, J. Appl. Phys. 120, 185306 (2016)

[5] T. Yeghoyan et al, Phys. Status Solidi A 216, 1800588 (2019)
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RESISTE

Exploitation du régime chaotique dans le
capteurs MEMS vibrants comme nouvelle
méthode de détection

Pomme Hirschauer', Fabrice Mathieu', Isabelle Dufour?, Martial
Defoort®, Bernard Legrand™

1. LAAS-CNRS, Université de Toulouse, CNRS, Toulouse, France
2. IMS, Univ. Bordeaux, UMR 5218, F-33400 Talence, France
3. TIMA, Univ. Grenoble Alpes, CNRS, Grenoble INP, 38000 Grenoble, France

Le chaos, bien que d’apparence stochastique, est un phénomeéne déterministe observé
dans certains systemes non linéaires, comme les interactions planétaires ou I'évolution
météorologique. Il se caractérise par une sensibilité extréme aux conditions initiales et
aux parametres du systéme : une infime variation peut y engendrer des trajectoires
d'évolution radicalement différentes, un principe connu sous le nom d'effet papillon.
Ces propriétés —déterminisme et sensibilité— offrent la possibilité d'exploiter le régime
chaotique comme nouveau paradigme de détection pour des applications de capteurs.
Des travaux antérieurs ont démontré qu'il est en particulier possible de déclencher &
la demande un régime chaotique dans des résonateurs MEMS [1]. L'évolution du chaos
étant strictement déterminée par les parameétres et les conditions initiales du systeme,
étudier la dynamique d'un capteur MEMS résonant placé dans le régime chaotique
délivre des informations exaltées et précises sur la mesurande d laquelle il est sensible.
Nous présenterons des résultats expérimentaux concrets dans le cadre d'applications
de type capteurs de gaz.

En exploitant la dynamique chaotique, nous
visons & amplifier et détecter des signaux
faibles proches de la limite fixée par le bruit
intrinséque du capteur résonant. Cette
approche permettrait de déverrouiller des
applications ou le bruit instrumental de la
chaine de lecture limite les performances,
limite que I'on rencontre notamment dans
le cadre de la détection & distance ou de
la détection en environnement sévére,
lorsqu’un bruit important s’ajoute au signal
de mesure.

Figure 1.

a. Cellule fluidique oG est encapsulé le capteur MEMS.

b. Mode de vibration du capteur MEMS.

c. Dynamique chaotique dans le résonateur MEMS, aprés déclenchement maitrisé
du chaos.

Les deux traces - pleine et pointillée — symbolisent deux dynamiques chaotiques
aux conditions initiales et parameétres proches.

Elles sont identiques au début, puis elles divergent aprés un certain temps.

References :
[1] M. Defoort, L. Rufer, L. Fesquet, and S. Basrour, ‘A dynamical approach to generate chaos in a micromechanical
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Les accélérométres thermiques a convection (ATC) sont développés dans I'objectif
de réaliser des mesures choc/accélération & haute intensité, ce que ne peuvent pas
faire les accélérometres classiques du fait de la présence de masse sismique dans leur
conception [1]. Le sujet présenté ici porte sur I'étude de Iimpact de la forme de la cavité
sur les paramétres des ATC (plage de mesure et temps de réponse). Il y est présenté les
différentes simulations CFD réalisées ainsi que les résultats obtenus expérimentalement.

Les premiers résultats portent sur les ATC a 1 axe sensible. L'évolution de la sensibilité
en fonction de l'accélération ainsi que le temps de réponse en fonction des divers
parameétres géométriques ont été étudiés par simulation CFD [2]. L'étude du temps de
réponse des fils en fonction de leur largeur a pu étre réalisée avec I'aide de I'lEMN 4 Lille,
qui a participé par la réalisation de fils nanométriques. Il est présenté ici les différents
résultats sur les ATC & 1 axe sensible obtenus par simulation et expérimentation.

La suite de I'étude porte sur les ATC & 2 axes sensibles. Il s'agit d’'une nouvelle géométrie
permettant de réaliser des mesures d'accélération sur 2 axes avec le méme capteur.
Cette géométrie étant nouvelle, un certain nombre de paramétres doivent étre établis
avant de les réaliser. Le premier est le rapport entre la largeur de la cavité et celle de
I'élément chauffant. Comme pour 'ATC & 1 axe sensible, ce rapport est calculé de sorte
& avoir le maximum de sensibilité. Il permet aussi de déterminer la position de sensibilité
max dans la cavité, ce qui déterminera la position des fils de détection. Une fois les
parameétres géométriques obtenus, la réalisation de ces capteurs en salle blanche ainsi
que leur étude expérimentale sera réalisée.
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Diomond is an attractive material for use as a sensing transducer in
microelectromechanical systems (MEMS) for a broad range of chemical and biological
applications, due to its outstanding mechanical properties and chemical inertness. In
this work, we study the capability of diamond cantilever resonator-based sensors for
gas analysis.

The sensor is composed of an intrinsic diamond layer with a thickness between 3.5
and 3.8 ym, covered by a metallic gold layer. This metallic layer is used to create an
electromagnetic actuation and an inductive read-out. To characterize the sensors, the
device is mounted on a PCB and placed in a specific housing with a magnet. An AC
power source is connected to the device, and the resonance frequency and modes
have been characterized using a Polytec viborometer system. A differential electronic
system based on transimpedance amplifier has been developed to electrically monitor
the mechanical spectrum around the resonance frequency.

We tested the diamond sensor on a gas bench used to identify gases by mass density
and viscosity. As shown below, we achieved the identification of four gases: H,, CH,, CO,,
and He. Here, we demonstrate that such MEMS device based on a diamond cantilever
without sensitive coating enables gas identification. This represents a significant step
toward the next generation of sensors for harsh environments.
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Phase imaging in the terahertz (THz) spectral range has emerged as a promising
modality for a broad range of industrial applications'. Despite these promises, the
practical implementation of phase-sensitive THz imaging remains challenging. In
particular, standard detectors are inherently limited to intensity measurements, resulting
in the loss of spatial phase information, while THz systems are further constrained
by technological trade-offs between achievable field of view and spatial resolution?
Several computational strategies have been proposed to address these limitations,
including multiplane phase retrieval?, which relies on acquiring intensity measurements
at multiple axial planes, and Fourier Ptychography* which exploits angular diversity in
sample illumination. Here we will present the unique potential of THz phase imaging by
developing and experimentally exploring both approaches, multiplane phase retrieval
and Fourier ptychography, highlighting their respective capabilities and limitations for
wide-field, high-resolution phase reconstruction in the THz regime. Our full theoretical
and experimental investigation will be reported in

detail.
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Le renforcement contrdlé de linteraction entre ondes térahertz (THz) et dispositifs
électroniques constitue un verrou majeur pour la détection spectrale sélective et
I'exploration des excitations de basse énergie dans les solides.

Dans une premiére partie, nous reproduisons et étendons le concept de détecteur THz
intégré a une cavité de type TAMM récemment démontré avec des microbolométres
[1], en le transposant & un détecteur en silicium de type MOSFET disposant d'une
antenne circulaire patch. Les cavités TAMM sont réalisées par gravure profonde du
silicium (procédé Bosch) et intégrées directement au détecteur, permettant un meilleur
confinement du champ électromagnétique et une résonance étroite centrée autour
de 300 GHz. Cette approche entiérement compatible avec les technologies silicium
conduit & un filtrage fréquentiel trés marqué et a une amplification significative de la
réponse du détecteur, démontrant que les architectures TAMM ne sont pas limitées aux
bolomeétres mais constituent une plateforme pour la détection THz & bande étroite.

Dans une seconde partie, ce détecteur est étudié & basse température (~20 K), sous
champ magnétique, et excité optiquement & des fréquences de l'ordre de 130 GHz
Nous observons un anticroisement spectral entre un mode résonant de l'antenne
patch et la résonance de spin électronique (ESR) issue de I'éclatement Zeeman de la
bande de conduction du systéme électronique bidimensionnel. Cet anti-croisement
semble indiquer une hybridation lumiére—matiére du systéme de spin des électrons
de conduction. L'analyse quantitative des branches polaritoniques, basée sur la
diagonalisation d'un Hamiltonien d'oscillateurs couplés de type Hopfield—Bogoliubov
[2], permet d’extraire la force de couplage spin—cavité. En paralléle, compte tenu de
I'extréme sensibilité des capteurs Si-MOSFETs optimisés, le dispositif sans cavité permet
de suivre la résonance ESR jusqu'd 300 K. Ceci laisse espérer 'observation prochaine
d’'un couplage spin-photon & température ambiante, dans un nanotransistor Si-CMOS
par photoconductivité GHz/THz. Ces résultats ouvrent la voie & des dispositifs GHz/
THz intégrés combinant sélectivité spectrale et contrble des excitations quantiques et
magnétiques dans le silicium.
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Quantum Cascade Lasers (QCLs) are devices emitting highly coherent light in the mid-
infrared spectral region. Amplitude and phase of the generated electric field are coupled
through the refractive index of the active medium broadening the Schawlow-Townes
linewidth by a factor (1 + a?) [1]. These effects are investigated in a directly modulated
9.3um DFB-QCL as a function of the modulation frequency by measuring its heterodyne
beating with a highly stabilized optical frequency comb. From the acquired temporal
traces a Hilbert transformation of the data provides a simultaneous measurement of the
two quadratures [2], as a function of the modulation frequency. Phase response arising
from thermal [3] and gain modulation is modeled using the rate equations in lasers
[4]. At high modulation frequency (higher than 2GHz), where thermal contributions are
negligible, it is possible to measure the linewidth enhancement factor, which for our
laser is a=0.25. We have also realized this experiment on a Fabry-Perot QCL emitting at
7.9um, where the alpha-factor is estimated in single mode regime to be a=0.27+0.02.
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Thematique
L'electronigque pour
la conversion de puissance

VERTIGO

LTM | LAAS | CRHEA | IEMN | CEA-Leti | AMPERE | G2Elab | LAPLACE

VERTIGO vise & développer des transistors de puissance en Nitrure de
Gallium (GaN) a géométrie verticale. Actuellement, ces transistors ont une
structure latérale, ce qui limite leur tension de fonctionnement. La géométrie
verticale permet de gagner en densité de courant, et la montée en tension
(le projet vise 1200 V, avec des puces d'un calibre de 50 A) est obtenue avec
des couches plus épaisses. Enfin, la montée en fréquence est permise par les
mobilités importantes (objectif x10 par rapport aux résultats publiés) que le
projet visera en travaillant sur le canal de conduction et en exploitant toute la
richesse des hétérostructures AIGaN. Le projet utilise des couches épitaxiées
sur saphir et silicium. Le retrait partiel ou total du substrat et le report sur
un radiateur efficace permettront de gérer les problémes électriques et
thermiques de fagon indépendante et flexible, pour proposer des solutions de
packaging innovantes.

GOTEN

FRENCHDIAM

GeMAC | INL | INSP | AMPERE | CEA-Irig | LGP | IEMN

GOTEN vise a démontrer la faisabilité d’une filiére technologique frangaise
de composants verticaux & base d’oxyde de gallium (Ga203), couvrant
I'ensemble de la chaine de valeur allant de la croissance par épitaxie
jusqu’a la gestion thermique des composants dans leur boitier. Le dispositif
ciblé est une diode p-n verticale basée sur une hétérostructure NiO/Ga203
assurant une tenue en tension de 10 kV et un courant élevé (> 10 A) en mode
passant associés & un packaging spécifique.

Le Ga203, matériau & trés grande bande interdite (4,8eV) est disponible &
faible colt et en grande surface (> 150 mm). Bien qu’ayant une thermique
5 & 10 fois plus faible que le SiC ou le GaN, le Ga203 présente une trés faible
énergie d'activation du dopant (30meV), un champ critique (MV/cm) x4 par
rapport au GaN ou SiC, et un BFOM (figure de mérite de I'électronique de
puissance) un ordre de grandeur supérieur au SiC ou GaN.

AMPERE | LAAS | GeMAC | Néel | CEA-Leti | LAPLACE I LSPM | CTReg

FRENCHDIAM cherche & exploiter les propriétés exceptionnelles du diamant,
telles que sa tenue aux champs électriques importants, sa résistance a des
températures élevées et sa conductivité thermique exceptionnelle. Le projet
vise @ démontrer la faisabilité de deux dispositifs avancés complémentaires
en diamant : un transistor vertical haute tension et une cellule de
commutation monolithique. Diverses étapes technologiques nécessaires
pour une filiere de production seront développées comme la croissance des
substrats de grande taille, I'épitaxie de couches dopées, la structuration en
salle blanche, la protection périphérique et la conception d'une électronique
de commande. FRENCHDIAM mettra aussi I'accent sur I'évaluation de I'impact
sur I'environnement de la fabrication de composants en diamant.
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’'homoépitaxie du GaN (sur substrat GaN) permet la fabrication de composants de
puissance & hautes performances électriques. Cependant, 'absence de substrats GaN
de grande taille rend cette option moins commercialisable que I'hétéroépitaxie (GaN sur
Si ou GaN sur sapphir). Une haute performance électrique requiert des hétéroépitaxies
un dopage type n, des contraintes biaxiales et une densité de dislocations faibles
et uniformes. Dans ce travail, via la technique non-destructive micro-Raman, nous
proposons donc une méthodologie permettant d’analyser la qualité des homoépitaxies
[hétéroépitaxies du GaN selon les critéres susmentionnés. Les résultats obtenus
réduisent l'intervalle de valeurs de certains parametres intrinséques au GaN.
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As part of the VERTIGO project, issues relating to electromagnetic compatibility, thermal
management, electricity, and technology associated with the design of a package
for a vertical GaN semiconductor chip are currently being investigated. In terms of
electromagnetic compatibility, without an adapted packaging, the high dv/dt and di/dt
of GaN chips cause conducted EMC interference. Commmon-mode parasitic capacitance
between the phase and the heat sink, as well as parasitic inductance due to the length
of the tracks, create currents and overvoltages that interfere with the power component
and its environment. An EMI adapted design is presented with the conception of an
inverter leg with vertical interconnection and integrated shielding based on silicon
MOSFET. Shields with constant voltage bias [1] are used to shield semiconductors in
order to minimize values of common mode capacitor. It allows to reduce common
mode coupling. Shielded and unshielded inverter legs are compared and a reduction of
the common mode current was observed up to -10dB with a shielded packaging. Printed
circuit boards are used as dielectric substrates and electrical conductors. A discussion
on the relevance of this structure for vertical GaN power components [2] is presented.

References :

[1] P. B. Derkacz, J. -L. Schanen, P. -O. Jeannin, P. J. Chrzan, P. Musznicki and M. Petit, <EMI Mitigation of GaN Power Inver-
ter Leg by Local Shielding Techniques,» in IEEE Transactions on Power Electronics, vol. 37, no. 10, pp. 11996-12004, Oct.
2022, doi: 10.1109/TPEL.2022.3176943.

[2] Knoll, Jack, Gibong Son, Christina DiMarino, Qiang Li, Hannes Stahr, et Mike Morianz. « Design and Analysis of a
PCB-Embedded 1.2 kV SiC Half-Bridge Module ». In 2021 IEEE Energy Conversion Congress and Exposition (ECCE), 5240
46, 2021.

Aknowledgement
ANR-22-PEEL-0004

29



30

VERTIGO

High-voltage characterization of FR4-
preg laminates for PCB-embedded power
packaging

Tania Al Moussi', Giovanni Barbagallo', Marie-Laure Locatelli', Vincent
Bley', Céline Combettes!, Alejandro Can-Ortiz!, Sombel Diaham'

1. Laboratoire LAPLACE, Université de Toulouse, Toulouse, France.

The continuous development of power conversion systems, driven by the adoption of wide
bandgap (WBG) semiconductor devices, enables operation at higher voltages (Future
GaN JFET >1.2kV [1, 2]) and higher switching frequencies(>>10kHz), while simultaneously
imposing more severe electrical and thermal stresses on device packaging. As a result,
the dielectric performance and reliability of insulating materials used in printed circuit
board (PCB) packaging have become critical factors in the design of high-power and
high-voltage electronic systems. Among these materials, FR-4 prepregs remain widely
employed due to their compatibility with multilayer PCB technologies. In this work, the
dielectric properties of epoxy resin—based FR-4 prepregs reinforced with glass fibers,
representative of multilayer PCB architectures used in power electronics packaging,
are investigated. A combination of low- and high-voltage electrical measurements
is employed to analyze the insulating behavior under increasing electric field and to
determine breakdown thresholds. These results provide key experimental insights for
the integration of FR-4 prepregs into advanced PCB packaging architectures for WBG
power devices, with the objective of improving insulation performance and the long-
term reliability of high-power conversion systems.
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The increasing demand for efficient and sustainable energy conversion systems has
intensified the need for high-performance power switching devices with reduced
energy losses and improved reliability. Wide bandgap semiconductors, particularly
gallium nitride (GaN), have attracted significant attention due to their wide bandgap,
high critical electric field, and superior material properties compared to silicon. However,
most commercially GaN power devices rely on lateral AlIGaN/GaN heterostructures,
which exhibit inherent limitations including limited breakdown voltage, low threshold
voltage, high dynamic on-resistance, and unfavourable trade-offs between power
density and breakdown voltage. Consequently, these lateral devices face significant
challenges in meeting the performance and reliability requirements of high-voltage,
high-power, and high-efficiency applications.

To overcome these limitations, our research work focuses on the development of vertical
GaN power devices capable of achieving high breakdown voltages with a minimal
specific on-resistance. The main objective of the VERTIGO project is to reach a ‘1200
V breakdown voltage / 1 mQ.cm? specific on-resistance’ trade-off. The first part of the
work is the design of vertical “conventional” GaN Trench MOSFETs by optimizing device
architectures (doping concentrations and dimensions of the layers — especially the
epitaxial layers —, trench dimensions — width, depth —, etc.). The second part focuses
on the investigation and optimization of vertical GaN Superjunction architectures (SJ-
MOSFETs, DT-SJMOSFETS), aiming to achieve the same breakdown voltage while further
reducing the specific on-resistance. Numerical TCAD simulations are used to analyse
and optimize key superjunction parameters, including pillar doping concentrations,
pillar widths, and epitaxial layer thickness, with particular emphasis on charge balance
conditions for breakdown voltage enhancement. Device behaviour in both OFF-state
and ON-state is examined to evaluate electric field distribution, current conduction
mechanisms, and conduction losses. The study aims to demonstrate the capability of
vertical GaN Superjunction MOSFETs to meet the requirements of future high-voltage,
high-efficiency power electronics, thereby advancing the state of the art in vertical GaN
power devices and enabling compact, reliable, and energy-efficient power conversion
systems.
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Le nitrure de gallium (GaN) est un matériau de référence pour I'électronique de puissance
grdce da sa large bande interdite, sa forte tension de claquage et ses excellentes
performances électriques [1]. Si I'épitaxie du GaN sur saphir permet d'atteindre une
excellente qualité cristalline, ce substrat reste inadapté aux dispositifs verticaux de
puissance & cause de ses faibles conductivités thermique et électrique [2]. Le silicium,
compatible avec les procédés industriels 200 mm, représente une alternative attractive,
mais la croissance directe de couches épaisses de GaN sur Si est limitée par de fortes
contraintes mécaniques et des phénomeénes de fissuration.

Dans le cadre du projet PEPR VERTIGO, une approche par transfert de couches épaisses
de GaN est développée afin de combiner la qualité cristalline du GaN sur saphir avec
Iintégrabilité du silicium. Un procédé mis au point au LAPS (CEA-Leti) a permis le transfert
complet d'une couche de GaN de 5 ym d'épaisseur depuis un substrat saphir de 100mm
vers un substrat silicium de 200 mm. Ce transfert repose sur un collage covalent de
type SAB réalisé & haute temperature [3], suivi du retrait du saphir par laser lift-off (LLO).
Le collage thermique induit une relaxation partielle des contraintes, conduisant & une
couche de GaN sur Si en configuration face N.

Les prochaines étapes de mon travail porteront sur un second transfert visant & retourner
la couche afin d’obtenir une configuration face Ga, nécessaire & la fabrication de
dispositifs verticaux de puissance. Ce procédé impliquera un collage covalent & chaud
en hétéro-température ainsi que le retrait maitrisé du premier substrat silicium par
amincissement mécanique, ouvrant la voie & une intégration compléte de transistors
verticaux de puissance en GaN sur Si 200 mm [4] [5].
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Vertical GaN MOSFETs are promising candidates that could enable the development of
efficient high voltage and current applications for next-generation power electronics [1].
This architecture relies on the MOS gate, which is attractive for normally-OFF operation
and reliable switching control. In order to investigate and optimize the gate module,
dedicated vertical MOSFET test vehicles have been developed on different material
platforms. First, pseudo-vertical GaN-on-Si trench MOSFET test vehicles are presented
as a cost-effective and scalable approach [2]. These devices demonstrate normally-
OFF operation with a threshold voltage around 4 V, high I, /1... ratios (~108), acceptable
subthreshold slope, and very low gate leakage currents. These results validate the
relevance of GaN-on-Si pseudo-vertical architectures as an efficient platform for
vertical trench-MOSFET development. Secondly, fully-vertical GaN-on-GaN trench
MOSFETs fabricated on bulk GaN substrates are investigated as reference devices
[3]. The transistors exhibit normally-OFF behavior, excellent switching characteristics,
and low gate leakage. An improved resistance partitioning methodology is employed
to accurately estimate the effective mobility contributions from trench sidewalls and
bottom. Together, these pseudo-vertical and fully-vertical MOSFETs act as starting point
test vehicles to be improved upon thanks to the optimization of the gate module.
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Due to its exceptional properties, ultrawide bandgap semiconductor f-Ga,0, is a leading
candidate for next-generation high-power (10 kv, 10 A) and increased switching/
conversion efficiency electronic devices. Its BFOM (figure of merit of power electronics)
is more than 4 times higher than that of SiC or GaN [1].

The electrical properties of vertical Ni/p-Ga,0, Schottky diodes (Sn-doped, donor
concentration of N,=6.2+0.3x10® cm™) developed at INL from a Novel Crystal
Technologies substrate, are analyzed. The objective is to characterize the opto-electric
properties of these diodes and better understand the impact of deep level traps. First-
order measurements reveal a barrier potential of 1.10+0.07 eV, a series resistance of 1.57
kQ.cm?and an ideality factor of 1.05. The uniformity of the barrier height was investigated
using the Werner model where the assumed microscopic non-uniformities are described
by only two macroscopic parameters: the average potential barrier height ¢, and the
standard deviation o [2].We obtained ¢» =1.28 eV and ¢=86 meV through a temperature
range of 80 K to 245 K . In order to investigate possible defect origin of this barrier height
inhomogeneity, admittance measurements have been realized showing no significative
signal through a temperature range 80 K to 290 K under the following conditions: bias
voltage in [-2;+0.5] V; frequency from 100 Hz to 1 MHz; AC voltage in [50;200] V. To push
further defect analysis, DLTS measurement will be realized.
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Energy consumption is rising sharply with the expansion of Al servers, data centres,
and electric mobility. This surge highlights the urgent need for robust and efficient
power-handling systems. The project-GOTEN aims to develop heterojunction diodes for
efficient and reliable power handling system, which can not only block large voltage
but also handle high on current. This can be achieved by optimising thick -Ga,O, drift
layer with very low doping concentration. The Sn doped p-Ga,O, is grown on insulating
Fe-doped B-Ga,0, substrate (-201) using MOCVD at different temperature and Sn flow
to observe the effect of growth parameters on the carrier concentration. The complexity
of Sn incorporation in p-Ga,0, stems from the migration of Sn to two possible Ga sites.
Incorporation of Sn on octahedral site effectively gives carrier concentration. Hall
measurement of the samples is done using Ag contact along with the CV measurement
to further validate the carrier concentration. Fig. 1 (a) and (b) shows the comparison
of carrier concentration and resistivity of the samples grown at 775°C and 825°C.
High growth temperature results in better ionisation of donors and good conducting
samples. Fig. 2 CV measurement of sample grown at 8250C, further confirms the type
and concentration of ionised donors. The Sn incorporation is further reduced and
temperature is increased to 875°C to obtain carrier concentration as low as 5x10cm=
as shown in Fig. 3, measured via Hall effect setup. The results are extremely promising
for the development of low doped $-Ga,O..
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The demand for advanced power devices has steadily increased over recent decades.
While components based on Wide BandGap (WBG) materials currently address
applications in the 600 V/1200 V range, emerging systems require devices capable of
operating at High Voltage (HV) beyond 3 kV.

In this context, Ultra-Wide BandGap (UWBG) materials have attracted considerable
attention for next-generation HV power application. Among them, Gallium Oxide
(Ga,0,) stands out as a highly promising candidate, theoretically outperforming WBG
materials such as GaN and SiC for very HV applications. In addition, the cost of Ga,0,
6-inch substrates is expected to reduce in the coming years, strengthening its industrial
appeal.

This project focuses on the design and fabrication of vertical Ga,0,-based power
devices using TCAD Silvaco simulations combined with experimental validation. The
primary objective is the development of a PiN diode achieving a breakdown voltage of
10 kV and a high on-state current exceeding 104, integrated within a dedicated high-
performance packaging solution.

The initial phase of this project investigated mesa-structured Ga,0, Schottky diodes as a
preliminary step toward PiN diode realization. This approach demonstrated a significant
increase in breakdown voltage correlated with mesa depth. The current phase aims to
extend this mesa design to PiN diodes in order to assess its impact when combined with
a NiO/C—)oQO3 heterostructure. In parallel, a tailored packaging solution with enhanced
thermal management is being developed and implemented on fabricated large-area
devices to improve heat dissipation, thereby enabling higher on-state current capability
and improved device reliability.
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Ultra-wide bandgap (UWBG) oxides are attractive for high-voltage power electronics,
and $-Ga,0, (Eg = 4.9-5.3 eV) stands out thanks to its high critical electric field and
accessible n-type conductivity; however, the lack of reliable p-type p-Ga,0, motivates
p—n heterojunction strategies r]]. A leading approach integrates p-type NiO, whose hole
conduction is enabled by nickel vacancies in off stoichiometric Nil-xO and can be tuned
by growth conditions, while the NiO/-Ga,0, interface exhibits a type-Il band alignment
where transport is strongly influenced by interfacial states/recombination [1,4]. Recent
vertical Ni_O/p-Ga,0, rectifiers have already demonstrated 1-10kV range of blocking
capability, highlighting the potential of this all-oxide heterojunction for high-voltage
conversion [3,4].

My PhD targets the fabrication and optimisation of Ni_O/p-Ga,0, heterostructure,
combining RF sputtering of Nil-xO and epitaxial Sn:Ga,O, drift layer (ZMOCVD), supported
by structural/chemical/electrical characterisation with emphasis on point defects and
the heterointerface.

I will present a process map showing how O, fraction and RF power during reactive
sputtering tune Ni_O texture/roughness, thickness, resistivity and Hall measurements,
identifying a practical deposition window for conductive p-type Nil-xO compatible with
vertical devices.
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Gallium oxide (Ga,0,) is an ultra-wide bandgap semiconductor with a critical electric field
far exceeding that of SiC and GaN, making it highly attractive for next-generation high-
voltage power devices. More precise, the GOTEN project [1] focuses on the development
of Ga,0, vertical diodes and their packaging solutions. The project's target is a
laboratory-scale diode prototype (TRL4) capable of withstanding 10 kV while delivering
forward currents above 10 A. As the packaging is concerned, Ga,O, challenges are its
low thermal conductivity, nearly an order of magnitude lower than SiC, and the poor
knowledge on process and material strategies for its optimized packaging [2, 3]. Indeed,
the thermal management under high-power operation is one study theme. Strategies
such as double-sided cooling, diamond 3D ceramic integration, and advanced heat
sink architectures are under consideration [4,5]. As a matter of facts, the PhD study
will analyse the mitigation strategies for these challenges. Research axis deal with the
packaging integration and electro-chemical characterization. Firstly, the work focused
on preliminary design simulations using ABAQUS and experimental measurements for
thermalimpedance compared to reference packages. The experimental measurements
and 3D simulation results are in good agreement, validating the design methodology
and thus paving a way for optimizing the packaging strategies of targeted power
module package. This presentation will introduce the preliminary results of Ga,O,
packaging from the thermal management point of view. Thus, the methodology that
enables the initial design simulation and experimental activities as the foundation for
future optimization strategies for power module packaging will be presented.

Figure 1. (a) Reference TO-254 Package
with SiC Die integration for preliminary
work. (b) Thermal simulation and
experimental thermal Impedance curve
of T0254_SiC when there is no gel filled
in the package and 5W (1A x 5V) power
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is applied through the device.
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With the increasing demand for power electronics, ultra-wide-bandgap semiconductors
such as diamond, AN, and Ga,0, are emerging as candidates beyond SiC and GaN.
Among them, p-Ga,0, is particularly attractive due to its 4.9 eV bandgap and breakdown
field >8 MV/cm, resulting in excellent power-device figures of merit. However, rectifying
devices require integration with a p-type material. NiO is well suited for this role, as it
is naturally p-type, wide bandgap, and forms a staggered type-Il heterojunction with
Ga,0,. Plasma-assisted molecular beam epitaxy (PAMBE) enables high-purity growth
with precise thickness control, low substrate temperatures, and abrupt interfaces.

We report the PAMBE growth of $-Ga,0, with a systematic investigation of the influence
of Ga flux and substrate temperature on growth rate, morphology, phase stability,.
Growth conditions are first optimized on AIN(0001), identifying a compromise between
Ga,0, formation and Ga,O, desorption. A growth window favoring p-Ga,O, is established
for substrate temperatures above 700 °C, whereas lower temperatures promote
secondary phases, likely, k-Ga,0O,, correlated with excess metallic flux. The films exhibit a
(-201)-oriented p-Ga,0, structure with the epitaxial relationship p-Ga,0,[010] I AIN[1120],
involving 3 in-plane rotational domains.

In addition, we determine the growth conditions for NiO on both (0001) Al,O, and (00T1)
Ga,0, over the temperature range 530-730 °C. Highly crystalline NiO(HlZ) layers with
narrow rocking-curve widths are obtained on c-sapphire, while growth on p-Ga,0,(001)
yields smooth (133)-oriented NiO with well-defined epitaxial alignment.
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The Deep-Depletion Diamond MOSFET (D3MOSFET) has been successfully realized in
[1], with its OFF-state characteristics analyzed in [2]. In this work, we focus on a lateral
D3MOSFET constructed on a p-type diamond layer on a n-type substrate (Fig. 1.a), with
a specific on-resistance, RONS = 210 mQ-cm? at 450K, with a total gate length of 212.6cm
to deliver 1A at 1vV(1Q), in the ohmic regime. At this stage, the highest total current
capability is preferred, in spite of a reduced breakdown voltage (e.g. 400 V, instead
of 1 kV). A theoretical study was performed to evaluate various parameters of the
diamond transistor, including doping concentration, layer thickness, threshold voltage.
To complement this analysis, DC and AC finite-element simulations were carried out, as
illustrated in Fig.l.b and l.c providing practical insights. To enable accurate prediction
of the dynamic switching characteristics of the diamond MOSFET, a set of device
parameters was extracted from finite-element simulations and used to develop a
physics-based MOSFET model valid at an operating temperature of 450K. This compact
model was implemented in LTspice to simulate a switching cell consisting of a high
side diamond MOSFET and an identical low side diamond MOSFET, as shown in Fig.1.d.
The gate voltage of the diamond MOSFET was swept from -5 V to 20 V (Vth=10 V), while
the DC bus voltage was fixed at 200V. Switching performance was evaluated for load
currents ranging from 0.1 A to 1 A to assess device behavior under different operating
conditions.

Fig. I: a) p-type Diamond MOSFET with n-type substrate. b) ID-VGS characteristic for VDS = -0.1V at T=450K (TCAD). c) Diamond MOSFET
transistor capacitors, CGS, CGD and CDS vs VDS characteristic for IMHz in OFF-state with VGS = 15V (TCAD). d) Switching cell and simula-
tion (LTspice)
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Le diamant (C), matériau a trés large bande interdite, est connu pour ses propriétés
thermiques et électriques exceptionnelles. Bien que pas encore mature du point de vue
industriel, plusieurs études ont permis d’‘améliorer la maitrise des niveaux de dopage
possible et des preuves de concept ont permis de démontrer la viabilité de potentiels
composants de puissance en diamant. Les récentes améliorations de croissance de
diamant de type N offrent la possibilité de futurs composants utilisant les deux types de
dopage [1] [2].

C’est dans ce contexte qu'un transistor vertical de type JFET (Junction Field Effect
Transistor) en diamant est envisagé, avec une tenue en tension supérieure a 3kV et
une résistance spécifique a I'état passant inférieure a 10-2 Qcm?2 Une protection
périphérique est aussi envisagée, offrant une efficacité minimale de 80%.

Le dimensionnement du transistor est étudié via un logiciel de simulation par éléments
finis (SentaurusTM) permettant d'estimer le comportement électrique des dispositifs
semi-conducteurs. La montée en maturité récente du diamant permet d'envisager
des structures plus complexes, ouvrant la voie & des conceptions de composants aux
structures avancées [3] [4].

Une région P-, de par son dopage et son épaisseur, permet d’'ajuster la tenue en tension
du composant, mais engendre également une modification de la résistance & I'état
passant : un compromis est a trouver. Tandis que le dimensionnement du canal,
doit minimiser la tension de pincement, tout en conservant un courant de saturation
convenable. Une protection périphérique de type JTE est aussi simulée.
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The acceleration of electrification requires power electronic devices capable of
operating under extreme conditions of voltage, temperature and power density.
Diamond is a promising ultra-wide bandgap semiconductor due to its exceptional
thermal conductivity, high breakdown electric field and chemical stability. However,
the development of diamond-based electronic devices remains limited by the
difficulty of achieving efficient and controlled n-type doping. In the FrenchDiam project,
one goal is to achieve the realization of a vertical device on (100) diamond with an
issue on the realization of n* gates from corners of mesa structures (see figure).

From previous work, GEMaC has experience on n* selective overdoping by microwave-
assisted chemical vapor deposition (MPCVD) with phosphorus donors [ﬁ/. Indeed, a set
of growth parameters has been determined to allow n* diamond growth on the {111]
direction and no growth on the {100] direction. Moreover, Kato et al. [2] related that, in
their own set of growth parameters, the corners on (100) diamond trench structures
induce n* growth along the {11} growth direction and not on the {100} direction.

In this first PhD months, the GEMaC set of MPCVD parameters has been applied on
diamond substrates having different crystallographic orientations and on (100)
p- diamond layers with identifiable structural defects. Here, we will present the analysis
of the samples that reveals differences in phosphorus incorporation and growth rate
between orientations and lateral expansion on structural defects.
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La transition vers des énergies plus propres et plus efficaces ne cesse de croitre. Elle est
portée par les besoins d'électrification des systemes : véhicules électriques, énergies
renouvelables etc. Cette évolution nécessite des technologies de conversion et de
gestion de I'énergie toujours plus performantes, fiables et durables. Dans ce contexte,
I'électronique de puissance basée sur le diamant se distingue par des avantages
significatifs parmi les technologies & grand gap telles que, le GaN et le SiC. Cela justifie
pleinement le développement et I'approfondissement de cette technologie.

Le premier aspect du composant diamant étudié dans le cadre de cette thése concerne
le contact ohmique et la résistivité du diamant dopé au bore. Cette étude a d'abord
été menée théorique, a travers des modeles de mobilité et d'ionisation incompléte,
puis expérimentalement en utilisant la méthode TLM (Transmission Line Method). Les
motifs TLM ont été réalisés au LAAS-CNRS sur un échantillon de diamant dopé au bore
& une concentration de 5,7.10"° cm fabriqué au LSPM. La mesure a nécessité plusieurs
corrections, notamment par I'observation optique, I'ajustement de I'algorithme de calcul
et enfin la simulation de la distribution du courant & 'aide du logiciel multiphysique
COMSOL. Cette approche a permis de valider partiellement le modéle théorique et
a fourni une premiére compréhension du comportement du contact ohmique sur le
diamant dopé au bore en fonction de la température.
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L'objectif final de cette étude est dintégrer deux transistors de puissance sur un
seul substrat diamant, qui sont électriquement isolés I'un de l'autre tout en restant
thermiquement couplés. Cette configuration exploite directement I'exceptionnelle
conductivité thermique du diamant, qui est particulierement intéressante pour les
applications & haute puissance et haute température, tout en assurant une bonne
isolation électrique entre les dispositifs. Les transistors étudiés dans ce travail sont
des transistors & conduction horizontale. Ils sont fabriqués sur un substrat diamant
de type n, sur lequel une couche épitaxiée active de type p est développée, avec une
concentration de dopage au bore d’environ 107 cm3,

Pour progresser vers lindustrialisation des composants d'énergie diamantés, une
isolation électrique efficace entre les composants individuels est nécessaire. En effet,
certaines applications nécessitent au moins deux composants pour fonctionner
simultanément, comme c’est le cas pour une cellule de commutation ou deux transistors
fonctionnent en série. Une contrainte liée au substrat commun est la diaphonie entre les
composants, qui peut perturber le bon fonctionnement.

Dans des conditions réelles de fonctionnement, ces composants, intégrés sur un
substrat diamanté, seront exposés a des températures élevées (jusqu'a 500 K), &
laquelle le diamant présente sa résistivité la plus basse [1]. Le comportement d'un
dispositif de mesa structuré fonctionnant en paralléle avec un point de mesure situé
sur un autre mesa sera étudié. Ces mesures permettront de vérifier et de valider une
isolation électrique adéquate, méme a des températures élevées.

Cette analyse mettra en lumiére les contraintes de conception et de disposition
permettant d'intégrer plusieurs composants sur le méme substrat afin d'éviter les
interférences du signal. De plus, les résultats contribueront & affiner et & calibrer les
simulations au niveau des composants.

Figure 1 - Configuration de mesures
dinterférences entre composants
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Dans une perspective de réduction de la consommation énergétique, I'optimisation
des composants électroniques a conduit & explorer des matériaux & large bande
interdite (Wide Band Gap, WBG) en remplacement du Silicium. Grace & ses propriétés
physiques remarquables [1], le diamant apparait comme un candidat privilegié pour
des applications de forte puissance.

La tenue en tension des dispositifs en diamant demeure toutefois limitée par deux
facteurs majeurs. Le premier concerne les mécanismes de dégradation induits par
les défauts cristallographiques introduits lors de la croissance des couches épitaxiées.
Le second résulte de I'absence de terminaison périphérique efficace, qui entraine une
intensification du champ électrique aux bords du composant et favorise un claquage
prématuré. Cette étude vise ainsi & expliquer les performances en tension de diodes
Schottky en diamant protégées par plaque de champ (Field Plate, FP) avec empilement
ALO,/Si,N, (20/200 nm), en combinant une analyse des défauts du matériau et des
limites de I'architecture réalisée.

Avant la fabrication des diodes, une cartographie par photoluminescence a mis
en évidence des lacunes d'azote (centres NV) émettant & 530 nm [2][3], dont
lintensité lumineuse augmente vers le centre de I'échantillon. Le croisement des
caractérisations électriques et optiques révele que les diodes situées dans ces zones
de forte luminescence présentent une résistance & I'état passant plus élevée et, pour
certaines, les meilleures performances de tenue en tension. Par ailleurs, des analyses
complémentaires par photoluminescence et cathodoluminescence indiquent une forte
densité de dislocations émettant & 434 nm [3], susceptible d'expliquer les claquages
prématurés observés sur les autres diodes.

Ce premier démonstrateur a permis d’atteindre une tenue en tension maximale de
680 V, limitée par la rupture des diélectriques. Afin d’'améliorer cette architecture, un
redimensionnement par simulations TCAD Sentaurus est en cours. En paralléle, des
caractérisations FTIR et des mesures C-V sont menées pour évaluer et optimiser la
qualité des diélectriques déposés en salle blanche afin de se rapprocher d’'une tenue
en tension cible simulée de 1kV.
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Electronic power devices, such as diodes and transistors, play a critically importantrole in
the transition from combustion engines to electric vehicles [1]. Their development relies
on advances in semiconductor materials (Si, SIC and GaN), depending on technology
in different periods. As the key performance parameters of these materials approach
their limits [2], ultrawide-bandgap (UWBG) semiconductors—with bandgaps larger
than 3.4 eV—have attracted increasing attention. Among them, diamond has emerged
as a particularly promising candidate due to its exceptional physical properties (stress
tolerance, stability and thermal conductivity) and superior electrical characteristics
(high electrical conductivity, large breakdown electric field, wide bandgap and high
carrier mobility) [3].

These properties will be verified through comprehensive material and physical
characterization. The mechanical and structural properties of diamond substrates and
epitaxial layers, with and/or without dopants, will be examined using micro-Raman
spectroscopy and photo-luminescence to identify and analyze structural defects such
as dopant type, dislocations, point defects and vacancies [4, 5].

Finally, a correlation between the physical properties of the diamond materials and
the electrical behavior of the final devices will be established. The relationship between
material defects and dopant incorporation; and the electrical performance of diamond
devices, is essential for optimizing device design and performance.

References :

[1] M. Muratori et al, «The rise of electric vehicles—2020 status and future expectations» Progress in Energy, vol. 3, no. 2,
. 022002, 2021.

Fz] K. Boutros, R. Chu, and B. Hughes, «Recent advances in GaN power electronics,» in Proceedings of the IEEE 2013

Custom Integrated Circuits Conference, 2013: IEEE, pp. 1-4.

[3] K. Woo et al, «From Wide to Ultrawide-Bandgap Semiconductors for High Power and High Frequency Electronic

Devices,» Journal of Physics: Materials, vol. 7, 03?08 2024, doi: 10.1088/2515-7639/ad218b.

[4] K. Ichikawa, T. Shimaoka, Y. Kato, S. Koizumi, and T. Teraji, «Dislocations in chemical vapor deposition diamond layer

detected by confocal Raman imaging,» Journal of Applied Physics, vol. 128, no. 15, 2020.

[5] M. Jani, M. Mrézek, A. M. Nowakowska, P. Leszczenko, W. Gawlik, and A. M. Wojciechowski, «Role of High Nitrogen-Va-

cancy Concentration on the Photoluminescence and Raman Spectra of Diamond,» physica status solidi (a), vol. 220,

no. 4, p. 2200299, 2023.

Aknowledgement

ANR-23-PEEL-0001

Ce travail est soutenu par la plateforme de micro et nanotechnologies du LAAS-CNRS, membre du réseau frangais
RENATECH et par la plateforme de caractérisation PROOF.

Les journées scientifiques avec le PEPR Réseaux du futur en 2024 - Grenoble

47



48

Thematique
L'electronique pour
la conversion de frequences

OFCOC

FOTON I INLIC2N | CEA-Leti | IES

Les peignes de fréquences optiques ont un potentiel applicatif considérable
dans les domaines de la santé, de I'environnement, de la sécurité ou des
technologies de l'information. Trés réecemment, les premiéres démonstrations
de peignes de fréquences sur puce (microcombss) ont ouvert la voie & leur
utilisation future dans notre vie quotidienne, au sein de détecteurs de virus
portables, de capteurs autonomes scrutant la qualité de I'air.. sans parler
des applications industrielles, spatiales et de défense. Avec le soutien de
plateformes technologiques matures de la photonique silicium (Si, SiGe et
SiNOI), I'objectif d"OFCOC est la co-intégration de deux filiéres d’excellence
frangaises : les lasers a cascade interbande a base d’antimoine et la
plateforme non-linéaire GaP, afin de réaliser la premiére source microcomb
intégrée, large bande, robuste, fiable et miniaturisée sur une plateforme
entiérement semi-conductrice.

NANOFILN

FUN-TERA

FEMTO-ST | LAAS | INPHYNI | C2N | CEA-Leti

NanoFILN a pour objectif de mettre en place une filiére technologique
nationaleamont (réseauRENATECH et CEA), pourles composants enoptique
intégrée de nouvelle génération basés sur I'utilisation de films minces de
LINbO3. Deux démonstrateurs exploitent les propriétés remarquables du
LINbO3. Le premier utilise I'effet électro-optique (modulateur/switch) tandis
que le deuxiéme se base sur I'effet non-linéaire (générateur de photons
jumeaux). Nous nous concentrons sur lintégration de fonctions multiples
sur puce monolithique et I'hybridation sur silicium. L'accés simultané a
trois méthodes complémentaires d'élaboration des films minces (100 nm
- quelques pm) de LINbO3 : la découpe ionique, le report, 'amincissement
et I'épitaxie, est unique au niveau mondial. Les deux applications cibles
concernent le domaine de l'optique quantique et des télécoms, mais il est
évident que le savoir-faire développé sera aisément transposable & d’autres
domaines (qnalyse environnementale, traitement du signal, )

C2N I XLIM 1 IETR | IEMN | CEA-Leti | LERMA

Depuis quelques années, on assiste & une accélération de la montée en
fréquence des systemes électroniques. La gamme ‘térahertz’, qui se situe au-
deld de 200 GHz offre de nouvelles opportunités applicatives (communications
haut-débit, radio-astronomie,...). Par exemple, les systémes de communication
THz nécessitent des émetteurs puissants, des détecteurs sensibles et large
bande. Pour ces systémes, il n‘existe pas encore de filiere frangaise structurée.
Nous disposons, en France, d’'un tissu d'acteurs académiques reconnus pour
la fabrication de sources et détecteurs & semi-conducteurs et leur utilisation
pour des démonstrateurs THz (applications sus-citées). Le projet FUN-TERA
vise & structurer la communauté autour de ces composants unitaires et
leur fonctionnalisation en vue d’applications.

49



50

OFCOC

Photonic design optimisation for gallium
phosphide photonic circuits

A. Glénat!, L. Morice!, A.Lemoine', B. Le Corre'?, C. Paranthoén', C.
Cornet, Y. Léger'

1. Univ Rennes, INSA Rennes, CNRS, Institut FOTON - UMR 6082, F-35000 Rennes, France
2. Centre de Nanosciences et de Nanotechnologie, CNRS, 91120 Palaiseau, France

Realization of ultra-low loss integrated photonic circuits is a major issue in actual
research. Among all different platforms studied, gallium phosphide (GaP) stands
out thanks to its high nonlinear coefficients, wide transparency band and a strategic
positioning on materials [1]. The OFCOC consortium could recently demonstrate
propagation losses in the dB/cm range on this platform [2]. Beyond technological
processing optimization, the reduction of propagation losses can also be tackled at the
design level. In this work, we investigate design optimization of multimodal waveguides
to reduce the impact of roughness, and so, reducing total propagation losses by a
factor 10 to 20. This approach implies a thorough treatment of curvatures to minimize
reflection losses due to impedance discontinuity and modal power redistribution. It can
be achieved using Bézier curves, instead of circular ones [3], [4]. For radii of curvature
with negligible radiation losses, simulations show that these loss sources can be
reduced to a few dB/km.
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Many applications, including spectroscopy [1], require frequency combs operating in
the visible spectral range, whereas technologically mature comb sources are typically
centered around 1.55 pm. Nonlinear spectral translation from the infrared to the visible
therefore represents a promising solution. Orientation-patterned gallium phosphide
(OP-GaP), owing to its large second- and third-order nonlinear coefficients and its
broad transparency window (0.5-12 pm), represents a highly attractive platform for
integrated frequency conversion. Periodically structured OP-GaP enables efficient
spectral translation from telecom wavelengths to the visible [2]. However, the achievable
conversion bandwidth is generally limited to a narrow spectral region around a central
frequency. In this work, we propose an approach to engineer the spectral response of
OP-GaP in order to broaden the conversion bandwidth and enable efficient translation
from the C-band to the visible. Linear and nonlinear optical characterization of such
devices are presented.
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The success of photonic quantum computing and photonic quantum cryptography
protocols is contingent on the availability of entangled photon pairs. Although high-
brightness single-photon sources, based for instance on InGaAs quantum dots [1], have
become commercially available, these emit at 780nm. The globally deployed optical
fiber network, backbone of modern datacom, instead operates at 1300nm and 1550nm,
two wavelengths at which efficient single-photon sources have yet to be demonstrated.
Nonlinear optics allows one to bridge this gap through Spontaneous Parametric Down
Conversion (SPDC), creating spectrally entangled photon pairs from visible/near
infrared pumps [2]. In the present contribution, the recently developed and promising
Orientation-Patterned Gallium Phosphide (OP-GaP) [3Y platform for integrated
nonlinear photonics is tested as an alternative to PPLN. First results on the SPDC in OP-
GaP waveguides are presented and potential improvements are discussed.
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Kerr frequency comb generation on chip depends not only on the high nonlinearity of
the material but also on very low propagation losses and appropriate coupling to the
microresonator. In this work, we focus on the latter two points. We tested new coupling
designs on the Silicon Nitride (SiN) 200 mm platform from CEA Leti [1]. Pulley couplers
operating out of the phase matching condition have been shown to provide a wide
spectral bandwidth where the generation of frequency combs can be obtained under
the same conditions of input power and detuning, irrespective of the pump wavelength
position in this range, making the design robust against any change in the specifications
of the pump source. On the Gallium Phosphide (GaP) platform, highly promising for
nonlinear applications [2,3], reducing optical losses remains a challenge. Here we show
that the use of mechanochemical polishing (CMP) at different steps of the photonic
circuit fabrication leads to a reduction of the propagation losses below 5dB/cm, placing
our circuits at the state of the art for GaP circuits based on GaP/GaAs.
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La région spectrale du moyen infrarouge (MIR),
couvrant des longueurs d'onde de 3 & 15 pm, est
largement utilisée pour des applications telles que
la spectroscopie, la surveillance environnementale,
I'aérospatial, la médecine et la défense. L'intégration
de sources MIR sur des circuits photoniques
intégrés (PIC) permettrait la miniaturisation de ces
capteurs. Le transfert de coupons d’hétérostructures
par micro-transfer printing (UTP) représente une
alternative aux méthodes standard avec des
avantages uniques, notamment la capacité de
transférer rapidement différents dispositifs sur la
méme plateforme finale [1-2]. Dans ce travail, nous
présentons le premier transfert d'un laser & cascade
interbande (ICL) par WTP. La figure ci-contre montre
un ICLreporté sur un guide silicium-germanium avec
une précision d'alignement de 500nm. Bien que la
lumiére ne soit pas couplée dans le guide cible, le
laser est fonctionnel et conserve des performances
intéressantes. Le laser émet & 3,7 um en alimentation
pulsée. Il présente un courant de seuil de 160 mA.
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Nous proposons une nouvelle plateforme silicium germanium sur nitrure de silicium pour
des applications dans le moyen infra-rouge allant de 2 um & 13 pm. La propagation des
impulsions dans ces guides présente une amélioration du coefficient de non linéarité
Kerr y & travers un meilleur confinement du mode dans le guide d’onde, associée &
de faibles pertes de propagation (0,6 dB/cm) dans le moyen infrarouge. Nous avons
ainsi pu démontrer, avec des puissance pics relativement faibles de I'ordre du 1,2 kW,
la génération de supercontinuum de plus d'une octave de 2 um & 4,7 um. Ces résultats
positionnent cette nouvelle plateforme parmi les plus prometteuses actuellement
disponibles.
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Pure-quartic cavity solitons form in passive cavities under the balance of negative
quartic dispersions and Kerr nonlinearity, as well as loss and parametric gain. They
are a new class of cavity solitons that show promise for various applications including
telecommunications [1]. We numerically solve a generalized Lugiato Lefever equation
and investigate dynamics of temporal pattern formation in optical cavities with pure-
quartic dispersion [2]. We observe spontaneous formation of perfect soliton crystals
(PSC) as the intra-cavity field transits from chaotic regime to soliton regime [3]. These
perfect crystals develop defects as the cavity pump detuning increases further. Using
a strain analogy, we quantify the stability of these PSCs. Our results interpret such
behaviours could be closely linked with the enhanced soliton-soliton interactions,
mediated via oscillatory tails of PQS [4].
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The mid-infrared (MIR, ~3-15 um) is highly attractive for sensing due to strong molecular absorption
lines [1]. Bright, broadband, and coherent sources are essential, with integrated microcombs being
a promising solution [2]. While CMOS-based microcombs in the short-wave infrared have been
demonstrated [3], it still leaves most of the MIR inaccessible. Ge-based platforms such as sicGe/
Si and Ge/Si meet these criteriq, offering transparency up to 15 um (although Si is transparent only
up to 8 um) and demonstrated MIR supercontinuum generation. Recently, we realized integrated
SiGe-on-Si ring resonators with a record Q-factor of 10° at A\ = 4.42 pm [4%. This opens the door to
advanced nonlinear functions and microcomb generation at practical power levels. Among these
effects, optical bistability [5] is particularly important: refractive index changes from cavity power
buildup create feedback and resonance tilting, producing a bistable two-state system. Beyond
applications in all-optical switching and MIR sensing, bistability is a prerequisite for frequency comb
generation.

We investigated the behaviors of microring resonators under strong power loading. On the SiGe/Si
platform, a simple ring with radius 250 um was used and on the Ge/Si platform, a phase-matched
pulley ring with radius of 50 um was used. A tunable (idler ~2.4 - 4.5 pm) continuous wave optical
parametric oscillator (OPO) from Excelitas was used. Coupling for both was ensured to be close to
critical coupling. A clear signature of bistability is observed both on SiGe/Si and Ge/Si platforms.
Interestingly, we also observed that the power threshold for bistability in Ge/Si was much lower than
that of SiGe/Si (~200 mW off-chip power for SiGe/Si and ~30 mW off-chip power for Ge/Si; almost an
order of magnitude lower). This accounts to the fact that the mode volume in Ge/Si is 20 times less
than that of SiGe/si thanks to a larger index contrast (An, ¢ ~ 0.15 & An,~ 0.70).

In conclusion, we have demonstrated optical bistability in the MIR on Ge-based resonators.
Bistability, or in general the observation of strong nonlinear effects is moving us another step closer
to MIR integrated frequency combs, but can already enable important sensing applications by itself.
We envision to analyze the contributions of thermal and Kerr nonlinearities to the observed optical
bistability by exploiting their distinct time scales via fast input modulation.

(a) (b) ()

Fig: Measured resonance for increasing (off-chip) input pump power at close to critical coupling in (a.) SiGe/Si simple ring resona-
tor at 4.1 um and (b.) Ge/Si phase-matched pulley ring resonator at 3.7 um. (c.) MIR camera image showing a loaded ring.
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La génération de peignes de fréquences au sein de micro-résonateurs résulte de
I'équilibre entre les effets de non linéarité de type Kerr et de dispersion [1]. La maitrise
de la dispersion de la lumiére dans ces microstructures est alors un parametre clé pour
controéler les propriétés de ces sources intégrées. A ce jour, lingénierie de la dispersion
s’est limitée & un nombre faible de degrés de liberté : les dimensions des guides et
le choix des matériaux. Nous proposons de débloquer de nouveaux degrés de libertés
gréce a des dispositifs aux géométries exotiques. Nos géométries s'appuient sur des
concepts avancés comme des modes couplés hybrides [2] et des structurations
périodiques [3], offrant une flexibilité sans précédent pour sculpter la dispersion optique.
Maitriser finement le profil de dispersion permet ainsi I'étude de la formation de solitons
dissipatifs au-deld des régimes conventionnels de dispersion normale/anormale [4].
Ce travail offre donc de nouveaux outils pour la génération de peignes de fréquences
pour la spectroscopie ou la métrologie.
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Lithium Niobate (LN) is a well-known material for its exceptional electroactive properties,
and has been extensively studied' for its optical and acoustic properties. However, LN is
not compatible with standard CMOS processes due to the risk of lithium contamination.
As a result, heterogeneous integration of LN offers a promising solution to leverage
its excellent electroactive properties on the mature and widely used silicon platform,
enabling the integration of LN-based components.

Our objective is the heterogeneous integration of epitaxial thin-film lithium niobate
(TFLN) on silicon photonic integrated circuit and exploit TFLN's properties for electro-
optomechanical devices. First, we demonstrate micro-transfer printing of millimeter
long LN on insulator (LNOI) membrane on silicon-on-insulator circuitry opening avenues
for new functionalities on such platform. In parallel, the growth of stoichiometric
epitaxial LN on a sacrificial layer is optimized to ensure efficient and smooth under-
etching. Furthermore, numerical simulations are conducted to design the photonic
crystal device for strong optomechanical coupling. In the following, the fabrication of
the designed optomechanical crystal on silicon photonic circuit will be performed for
advanced optical and optomechanical measurements.
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In recent years, Lithium Niobate On Insulator (LNOI)-based structure has undergone
rapid development largely due to the material’s outstanding optical properties, which
are highly valuable in the field of telecommunications, notably in optical waveguides [1].
However, one of the biggest technical hurdles is making high-quality LNOI substrates.
Specifically, it's challenging to precisely control the thickness of the Lithium Niobate
(LiNbO,) layer.

To resolve this challenge, ion slicing method was developed by CEA-Leti institute.
This method enables to obtain very high crystallinity thin films by transferring a high-
quality bulk lithium niobate onto an insulator substrate. First, the Lithium Niobate was
implanted by He+ ions and bonded on the insulator (Si02/Si). Implanted ions created
defects in the material and, then, the thin film is split off by annealing (heat induces
the growth of defects) [2]. lon energy used during implantation process determine the
splitting interface and the chemical mechanical polishing (CMP) enables to achieve the
desired thickness, roughness and flatness, while removing the damaged zone induced
by implantation.

This technology permits to keep the similar crystallinity and the same optical property

than the starting lithium niobate with a very good uniformity, a low rugosity (<Inm), a very
high transfer ratio (>95%) and low defect. We have demonstrated the ability to produce
600 nm and 300 nm LNOI thin film. The next step of the project involves in fabricating
different various LNOI with different thicknesses and developing magnesium-doped
LNOI, which offers the significant advantage of being much more resistant to optical
damage [3].
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In opto-electronic and optomechanical oscillators, a time delay is mandatory to ensure
high stability in terms for example of phase noise. Today, such delays are implemented
using kilometer-long optical fiber. By taking advantage of the slow propagation speed
of phonons compared to that of photons, the physical size of a device using acoustic
delay can be drastically reduced. Thus, we aim at demonstrating such on-chip delay
using acoustic waves for optomechanical oscillators.

Surface acoustic waves can be efficiently generated and controlled on chips with
microscale acoustic circuits [1]. In this work, we generate Gigahertz frequency Lamb
waves on a thin layer (300 nm) of X-cut LINbO, on SiO,(2 pm) with classical and focused
IDTs fabricated in clean room with a pitch of 240 nm. Then, we aim to efficiently guide
these waves on our chip using etched waveguides and acoustic micro-ring resonators
simulated using Comsol.

In the future, these developed integrated acoustic circuits will be implemented via
micro-transfer printing in optomechanical photonic crystal on-chip systems made with
-V materials such as GaP already developed in our team [2][3].
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Les CRIGFs (Cavity Resonator Integrated Filters) sont une famille de composants
sub-longueur d’'onde étudiés au LAAS en collaboration trés étroite avec Anne-Laure
Fehrembach et Evgeni Popov (Institut Fresnel) depuis leur introduction en 2012 parl'équipe
du Prof. S. Ura (KIT - Japon) [1]. D'un point de vue applicatif, les CRIGFs permettent de
réaliser des filtres optiques réflectifs de grande finesse spectrale et & grande tolérance
angulaire, ce que nous utilisons pour proposer de nouvelles architectures de cavités
laser étendues & semiconducteur. Dans des travaux antérieurs menés en collaboration
avec le CNES, nous avons démontré d'une part que l'intégration de CRIGFs passifs dans
des cavités laser permet une stabilisation spectrale de I'émission [2], et d'autre part que
des CRIGFs accordables peuvent étre réalisés sur des échantillons de niobate de lithium
en couche mince [3].

L'objectif premier de nos travaux sera de démontrer I'obtention simultanée d'une faible
largeur de raie d’émission et d'une large plage d'accordabilité pour des cavités laser
étendues & semi-conducteur émettant & 780nm. Ensuite, nous étudierons la versatilité
de cette source laser et les possibilités de modulation rapide de fréquence, exploitant
les effets électro-optiques du niobate de lithium en couche mince.
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Lithium niobate (LN) is a key material for integrated photonics, essentially because
of its second-order nonlinear properties which are fundamental for modulators and
frequency converters operating in the material transparency range (0.4-5 pm).
LN waveguides feature low propagation losses, making them an ideal platform for
integrated photonics devices for both classical and quantum information applications
[1, 2? The advent of lithium niobate-on-insulator (LNOI) technology marks a significant
step forward, meeting the growing demand for bandwidth in telecommunications
and enabling non-linear processing of low-power quantum signals. Recently, high-
performance optical components based on LNOI films have demonstrated exceptional
capabilities, including record-efficient frequency converters and ultra-wideband low-
voltage modulators [3, 4].

We present our work on the design & fabrication of thin (300 nm thick) LNOI micro-ring
resonators using argon plasma etching. Waveguides and microrings were designed
using Finite Element Method (FEM) simulations, allowing the identification of rib
waveguide dimensions (width and etch depth) suitable for single-mode propagation.
Extending the model presented in [5], we developed an algorithm that accounts for
all surface scattering contributions (top surface, slab, and sidewalls) to estimate
propagation loss in LNOI rib waveguides and determine the optical power required in
the ring to achieve critical coupling.

For the fabricated and characterized micro-rings, quality factors of a few hundred
thousand were measured at critical coupling, demonstrating low propagation loss and
the effectiveness of our design approach.
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Lithium niobate on insulator (LNOI) enables advanced nonlinear and electro-optic

hotonic functionalities owing to its large second-order nonlinear susceptibility (x®)
F]]. Using a 600-nm-thick LNOI platform is particularly attractive to make deep-
etched structures such as high-confinement waveguides. Indeed, this strong optical
confinement is well suited for enhancing second-harmonic generation (SHG) efficiency
and enabling low-power frequency conversion for quantum photonics and telecom
applications. To benefit in full from these advantages, deep etching of lithium niobate
is required. However, it is known to be notoriously challenging [2], owing to the material
chemical stability, low volatility of the associated etching by-products, and sensitivity to
plasma-induced damage [3].

In this work, we present a preliminary study on the influence of hard mask materials
and etching recipes on the fabrication of deep-etched patterns in X-cut, 600-nm-thick
LNOI. The process begins with high-resolution electron-beam lithography to define
the mask patterns, followed by hard mask opening and finally pattern transfer into
lithium niobate using a dedicated, optimized Ar-based ICP process. Two dielectric hard
mask materials, SiOx and SiNx, are compared to evaluate their impact on etch profiles
and sidewall roughness. This approach avoids the complications associated with the
established processes based on electrodeposited metal masks, enabling a simpler
and more reliable fabrication route. Additionally, SC-1 based wet etching is explored
as an alternative or complementary method for achieving deep etches and smoother
sidewalls [4]. These preliminary results provide valuable insight into how hard mask
choice and processing conditions influence etch quality and pattern fidelity in lithium
niobate photonic structures
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Lithium niobate integrated photonic circuits[1] are a versatile platform for nonlinear
optics, enabling efficient frequency conversion and other non-linear processes. Among
the various functionalities of lithium niobate PICs, probabilistic quantum light sources
rely on periodically poled lithium niobate (PPLN) waveguides for quasi-phase matching.
Their efficiency, reproducibility, and spectral properties critically depend on the quality
of the periodic poling, including the poling period, and the duty cycle. Non-ideal poling
periods or duty cycles induce shifts in the central wavelength or spectral broadening,
respectively. In addition, poling aperiodicity distorts the phase-matching function[2],
which is detrimental for applications requiring spectrally pure or narrowband photon
pairs.

In this work, we perform a detailed non-destructive characterization of periodicall
poled X-cut bulk lithium niobate using piezo-response force microscopy|[3](PFM
and second-harmonic generation (SHG) microscopy[3]. With PFM, we achieve high-
resolution imaging of the ferroelectric domain structure, allowing us to assess domain
orientation, periodicity, and domain wall quality at the nanoscale. Complementarily,
SHG microscopy provides large-area mapping of the nonlinear optical response,
enabling the visualization of periodic poling uniformity. While PFM characterization is
limited by relatively slow scan times and surface granulation effects that can impact
image quality, SHG microscopy offers faster, non-destructive imaging over extended
areas, making it particularly suitable for large-scale assessment of periodically poled
structures. The insights gained from this characterization enable the optimization of the
periodic poling process, paving the way toward the fabrication of photon-pair sources
in X-cut lithium niobate on insulator (LNOI) waveguides[4].
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Lithium niobate (LiNbO,) is a key
material for photonic devices due to
its wide transparency window, strong
electro-optic and nonlinear responses
which is further enhanced by the
availability of thin-film lithium niobate
(TFLN). We develop a fabrication-
tolerant Bragg mirror design on TFLN
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Thin-film lithium niobate (LiNbO,) leverages the
exceptional nonlinear optical properties of the
bulk material, including its wide transparency
window (VIS-MIR), to enable highly efficient
optical operations. For instance, by reducing
waveguide cross-sections to sub-micron
dimensions, nanowaveguides can achieve
efficient frequency conversion at low CW power

nanowaveguides whose characteristics levels. Our study explores Second Harmonic
can be easily tailored. 08 1 Generation (SHG) in periodically poled TFLN
Unlike published TFLN Bragg gratings, s (PPLN) waveguides, fabricated from 600nm-thick
which require periodic waveguide width %06 | 1 X-cut films via Reactive lon Etching. The periodic
modulation with precise anisotropic % poling required for quasi-phase-matching
etching, our mirror pattern is defined £ is implemented either prior or subsequently
with electron beam lithography and gg4 , to waveguide fabrication. In the latter case,
transferred onto the waveguide using a ‘g poling is made with an electrode configuration

single CCP-RIE step.

The resulting devices exhibit extinction
ratios < =30 dB and stop-band widths
<10 nm at telecom wavelengths. Filter
responses are found to be in good
agreement with theory for various
grating and waveguide geometries
and for both TE and TM polarizations,
confirming accurate control of grating
characteristics. Bragg-mirror-based
cavities achieve Q-factors exceeding
Q>104, validating the proposed device.
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Bragg-mirror transmission response (TEOO / TM00) in a 2 um
large, 600 nm high waveguide with a 400 um long grating
(period = 400 nm).

1570

that directly contacts the waveguide sidewalls.
Ferroelectric inversion is monitored, and
controlled via Piezoresponse Force Microscopy
(PFM). The resulting waveguides demonstrate
normalized SHG  conversion  efficiencies
exceeding  3000%/W/cm?—competing
state-of-the-art results (2600-3757%/W/cm? [1-
2] for similar geometries).
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Integrated photonic circuits are a key platform for scalable quantum technologies,
requiring low-loss waveguides compatible with nonlinear and electro-optic
functionalities [1]. Lithium niobate (LiNbO,) is particularly attractive due to its strong
X? nonlinearity and mature fabrication ecosystem [2]. In this work, we investigate
integrated waveguides fabricated on z-cut LiINbO, thin films using high-index soft
proton exchange (HISOPE), a technique that enables strong optical confinement while
preserving the material’s nonlinear properties, following the pioneering work of Marc de
Micheli and co-workers [3].

Lateral confinement is achieved by ridge waveguide definition using two distinct
structuring approaches: dry plasma etching, developed at LAAS-CNRS (Toulouse), and
a dicing-based technique, implemented at FEMTO-ST. Comparable waveguide widths
geometries are fabricated using both methods to enable a direct comparison of their
impact on optical performance. Propagation losses are experimentally measured and
correlated with sidewall quality and etching-induced damage.

This comparative study provides insight into fabrication trade-offs for HISOPE-based
photonic circuits. Future perspectives include extending this approach to alternative
deposition of other materials, such as niobium-based oxides é.g., niobia), as a strip
loaded waveguide, that could give a better mode matching with injection fiber and
expand the material platform for integrated quantum photonics [41 with the use of
other integrated optics components such as waveguides coupling, MZI, electro optic
control and resonators.
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Terahertz (THz) and sub-THz communications are being extensively studied due to their
large available bandwidth, which enables high data rates (exceeding 100 Gbps) with
low latency. To fully exploit these large bandwidths, one has to compensate for the free
space path loss (FSPL), which increases with the square of the carrier frequency and
significantly burdens the link budget as operation approaches the sub-THz regime.
Consequantly, sub-Thz antennas must feature large effective collecting areas to
mitigate the high propagation losses. Moreover, the short wavelengths involved impose
stringent accuracy and fabrication tolerances on electrically large surfaces. To address
these challenges, we have explored different patterning-etching techniques (photo/
maskless lithography for lift-off process, as well as Bosch etching) and investigated
different substrates (fused quartz, silicon). The studied structures include polarization
separation grids (PSGs), folded transmitarrays (FTAs) and modulated metasurface
antennas (MMA). PSG devices were fabricated on 1000 pm thick fused quartz substrates
by Al lift off process (x3) on both sides. Processing large substrates (10 cm x 10 cm)
presents challenges, particularly in achieving uniform photoresist (PR) layers for lift-off.
Compared to PSGs, FTAs require the bonding of at least two fused quartz substrates,
which is accomplished using photoresist. MMA devices were fabricated on Si wafers
with 3 different designs operating at 240, 310 and 510 GHz. Deep silicon etching using
the BOSCH process is used to pattern the front and back sides of the wafers. Extensive
optimization was needed to obtain vertical walls over large etch depths (80-200
pm). An additional challenge was achieving complete wafer perforation (wave guide
formation) without over-etching on the front/back side.

Aknowledgement
ANR-22-PEEL-0006

69



70

FUN-TERA

Caractérisation et simulation
électrothermique

N’doua Luc Arnaud Kakou, Raphaél Sommet

Laboratoire XLIM, 7 rue Jules Vallés 19100 Brive-la-Gaillarde

Dans le cadre du projet FUN-TERA [1], ce travail porte sur la modélisation et la simulation
électrothermique de diodes Schottky GaAs destinées aux applications RF et térahertz.
Les simulations integrent des distributions volumiques de puissance issues de calculs
Monte-Carlo, permettant une représentation fine de la dissipation thermique dans
la zone active. Plusieurs stratégies d'implémentation de la densité puissance ont été
comparées sous ANSYS Workbench afin de s‘assurer de bien représenter le calcul
Monte-Carlo et aussi étudier l'effet sur la température de jonction. Des mesures
électriques, et thermoréflectance, ainsi que des simulations numériques sous ANSYS ont
été faites dans les mémes conditions. Une analyse corrélée des résultats a été étudiée
afin d'optimiser la fiabilité thermique des composants. Les premiers résultats montrent
une corrélation d’'ordre de grandeur des résultats de mesure électrique, analytique,
simulation numeérique, tandis que des écarts significatifs sont observés avec la
thermoréflectance, soulignant I'importance d'une caractérisation et d'une modélisation
précise pour l'optimisation thermique des diodes Schottky & trés haute fréquence [2].
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High-resistivity silicon-based dielectric passive devices are attractive candidates for
interconnect applications in THz and sub-THz frequencies because they exhibit very
low absorption and dispersion over a wide bandwidth. Using HR-silicon as dielectric
waveguides, various claddings can be employed around the core to improve their
integrability and mechanical self-support, without significantly impacting waveguide
performance [1]. Additionally, they can be used to efficiently couple power from semi-
conductor and photonic platforms which typically integrate deep-subwavelength
devices [2].

In this work, a transition from a slot-line on a high-permittivity InP substrate to a
dielectric waveguide for operation at D-band (110-170 GHz) is presented. The InP chip will
eventually be integrated on the slot-line side, where a tapered-slot antenna acts as a
gradual impedance transformer that matches the quasi-TEM slot mode to the dominant
E_lIAx dielectric waveguide mode [3]. On the waveguide side, a silicon rectangular
waveguide is designed with effective-medium cladding formed by an array of air holes
surrounding the waveguide core. Full-wave simulations show a transmission coefficient
of less than -1 dB across most of the D-band with maximum ripples in the response
being below 0.3 dB.

This work constitutes an intermediate design and fabrication step prior to integrating Uni
Travelling Carrier photodiodes (UTC PDs), that will be fabricated at the IEMN laboratory,
on the InP substrate, along with their biasing and optical illumination schemes, which
will ultimately feed a dielectric rod antenna array.
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This work presents the development of a new type of interconnection for sub-THz
applications. With recent advances in micro-additive copper deposition, it is now
possible to push the limits of efficient, robust, and optimized interconnect solutions.
This work makes use of the Exaddon 3D printing system, a high-precision platform that
enables the fabrication of complex interconnection geometries with very fine pitch.
The study addresses a challenging design, even for state-of-the-art 3D printing
technologies. We focus on the interconnection between two chips, represented by
two CPWs, where the pitch is reduced and the gap between signal and ground lines is
minimized. These CPWs are connected using a double-bridge structure fabricated by
the printer. The objective is to achieve low loss performance, targeting an insertion loss
below 1dB up to 300 GHz (and beyond) and a return loss better than 20 dB.
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In recent years, the D-band spectrum has attracted considerable attention for next-
generation wireless communication systems due to its potential to enable ultra-high
data rates within compact architectures. Achieving such performance requires wide
fractional bandwidths together with fast and accurate high-gain beam-steering
mechanisms. Reconfigurable intelligent surfaces (RISs) have emerged as a promising
solution to meet these demands. However, their implementation in the sub-terahertz
regime remains relatively underexplored. Several technologies have been investigated
to enable tunable RIS unit cells (UCs) at these frequencies, including phase-change
materials (PCM) [1], tiled CMOS chips [2], and Schottky diodes [3], motivated by their
low-loss behavior and frequency-stable characteristics. In this work, we present a novel
subwavelength 1-bit tunable reflectarray UC operating in the D-band. The proposed
UC employs a single Schottky diode and is compatible with standard, low-cost printed
circuit board (PCB) fabrication processes. To the best of the authors’ knowledge, the
only previously reported Schottky diode-based UC operating at W/D-band frequencies
exhibits a very narrow bandwidth [3]. In contrast, the proposed design provides two
distinct reflection phase states with a phase difference of 180° + 20° and an insertion loss
below 2 dB across 137-170 GHz (~21.5% fractional bandwidth). Furthermore, the use of a
single diode reduces biasing power consumption, making the proposed UC well suited
for scalable, energy-efficient, and cost-effective D-band beam-steering systems.
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T-REX-6G
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IEMN | LTM | CEA-Leti | XLIM | LAAS

Offrir aux utilisateurs mobiles un débit de données sécurisé, longue distance
et haut débit est I'un des défis du XXle siécle. Plus de 1400 To de données sont
échangées dans le monde chaque minute ! Toutefois, le débit des connexions
sans fil reste le goulot d’étranglement des échanges de données et il devient
urgent d’'augmenter les vitesses de transmission sans fil et ce sur une distance
de l'ordre du km.

Le projet T-REX-6G constitue une proposition en rupture pour adresser
ce défi & fort volume, en créant une chaine de fabrication intégrée de
transistors llI-V InP sur plagues de silicium 200mm ou 300mm de diamétre.
L'ensemble du procédé technologique sera réalisé en environnement silicium.
L'objectif principal est la fourniture de transistors bipolaires & double
hétérojonction InP intégré sur silicium, présentant un fonctionnement
a haute fréquence jusqu’a 1 THz, et permettant d’obtenir un émetteur a
300 GHz de trés forte puissance.

FOTON | C2N | INPHYNI | CEA-Leti | IES

L'imagerie THz connait un essor important en lien avec le développement des
technologies de composants intégrés semi-conducteurs et photoniques. Les
applications sont nombreuses et touchent & des domaines stratégiques pour
I'industrie nationale.

COMPTERA vise le développement de composants avancés pour les futurs
systémes d'imagerie multispectrale en gamme THz (0,3-30 THz) qui feront
appel a des technologies trés variées a la frontiére de I'électronique et de
I'optoélectronique, en particulier des détecteurs & haute sensibilité adaptés
& chaque gamme de longueurs d'onde (notamment micro-bolométres,
détecteurs & effet de champ, photodétecteurs unipolaires a multi-puits
quantiques). Une partie de ces capteurs ultra-sensibles sera ensuite
intégrée & des systémes d'imagerie adaptés & la démonstration de leurs
performances.
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L'intégration de structures épitaxiées de HBT & base d'InP sur des plateformes
compatibles silicium constitue un enjeu majeur pour les applications 6G et sub-THz.
Les HBT & base de GaAsSb présentent un intérét particulier en raison de leur alignement
de bandes favorable et de leur aptitude & supporter des niveaux de dopage élevés.
L'utilisation de substrats INPoSi (InP collé sur wafer Si) constitue une solution trés
attractive pour l'intégration directe de matériaux Ill-V sur silicium, de maniére scalable
et compatible CMOS. Sur ces plateformes hybrides, I'obtention de HBT présentant des
hétérointerfaces abruptes et une stoechiométrie contrélée repose sur une optimisation
rigoureuse des conditions de croissance par MOCVD.

Nous présentons une étude de croissance et de caractérisation de structures HBT
élaborées par MOCVD sur InPoSi. Les dispositifs reposent sur une hétérostructure IlI-V
complexe & base d'InP et d'InGaAs, intégrant des niveaux de dopage distincts assignés
& chaque couche de I'hétérostructure (Si pour les régions collecteur et émetteur et Zn
pour la couche de base en GaAsSb). Une approche multi-technique combinant HR-TEM/
STEM-EDX, TOF-SIMS et XPS/HAXPES résolue en angle met en évidence des interfaces
abruptes avec une interdiffusion limitée des éléments, ainsi qu'un bon confinement des
dopants, sans défauts structuraux étendus ni contamination détectable. Le dopage
au Zn constitue ainsi une solution transitoire validée. Le dopage carbone, reccemment
implémenté sur notre réacteur MOCVD, permet d'envisager des niveaux de dopage plus
élevés avec une diffusion plus limitée dans la structure ; des résultats préliminaires sur
des couches dopées C seront présentés.
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Ce travail s'inscrit dans le cadre du projet T-REX 6G [1] et vise la caractérisation
électrothermique expérimentale de transistors DHBT InP. Les investigations reposent sur
une combinaison de mesures électriques en régime DC, de mesures thermiques par
thermoréflectance et de la méthode électrique 3-omega [2] [3] appliquée & des lignes
résistives intégrées. Les mesures DC permettent d’'estimer la puissance dissipée et
I'élévation thermique, tandis que la thermoréflectance fournit une cartographie locale
de la température. La méthode 3-omega, mise en ceuvre expérimentalement (en cours
d'étude) et simulée sous ANSYS, permettra la détermination de la conductivité thermique
du substrat, en bon accord avec les valeurs de référence. Les premiers résultats
présentent une analyse corrélée montrant une bonne cohérence entre simulations
numeériques et mesures électriques et thermoréflectance. Ces résultats confirment la
robustesse de l'approche électrothermique et identifient des axes d’‘amélioration pour
les mesures thermiques locales.
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GaAsSb-based Double Heterojunction Bipolar Transistors (DHBTs) are a key enabling
technology for next-generation high-speed and low-noise electronics, owing to the
advanced band-engineering capabilities of IlI-V heterostructures. They offer strong
potential to push the limits of frequency, power efficiency, and integration for RF and THz
applications. Their large-scale integration on InPoSi substrates further opens the way
to scalable, cost-effective, and heterogeneous integration of high-performance IlI-V
devices on silicon platforms.

The performance of DHBTs depends critically on the quality and design of the epitaxially
grown structure. In particular, precise control of crystalline quality, strain distribution,
and dopant confinement is essential to enhance electrical performance. To this end,
correlative aberration-corrected (S)TEM characterization was performed on LTM-IEMN
INP/GaAsSb DHBTs grown on InP and InPoSi substrates, enabling a comprehensive
comparative assessment of crystalline structure, elemental composition, strain
distribution, and electrostatic potential. Bright-field and atomic-resolution high-
angle annular dark-field STEM imaging were used to evaluate the crystalline quality
of the epitaxial stack, with particular emphasis on the InP/GaAsSb heterointerface. The
distribution of major elements across the structure, including interface abruptness and
Sb segregation, was analyzed using STEM energy-dispersive X-ray spectroscopy. Strain
mapping was carried out by STEM precession electron diffraction, while off-axis electron
holography provided access to the electrostatic potential distribution, completing the
comprehensive device characterization.
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The performance of Heterojunction Bipolar Transistors (HBTs) depends largely on the
quality and design of their epitaxial structure, making it a key focus in device fabrication.
As these transistors continue to push the limits of high-frequency communication,
low-power electronics, and ultra-fast computing, fine-tuning their epitaxial layers is
essential to improve speed, efficiency, and reliability. The way these layers are structured
directly impacts critical properties like carrier mobility, signal gain, breakdown voltage,
and thermal management. For Indium Phosphide (InP) HBTs, precise engineering of
the base, emitter, and collector layers is crucial to achieving fast switching speeds,
minimal noise, and efficient power consumption, all vital for cutting-edge technologies
like 5G/6G networks, radar systems, and optical communication. Within the framework
of a collaborative program, IEMN and LTM jointly optimized the design of the first
antimonide-based InP/GaAsSb double heterojunction bipolar transistor. The epitaxial
structures were grown at LTM, while device fabrication was completed at IEMN. The
fabricated 100x100pm? test transistor showed excellent performance, with a current
gain p=Ic/lb of 26, confirming its efficiency in common-emitter output characteristics
Ic(Vce). This milestone marks a first for the Grenoble cluster, as it represents LTM's first
InP/GaAsSb DTBH epitaxy. Submicronic devices are under fabrication.
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Among advanced bipolar technologies, InP-based double heterojunction bipolar
transistors (DHBTs) stand out for their capability to simultaneously deliver high-
frequency performance and high output power, making them strong candidates for
next-generation RF integrated circuits. This work reports a comparative investigation
of the radio-frequency and large-signal power performance of directly grown InP-
based double heterojunction bipolar transistors (DHBTs in single-finger and multifinger
configurations, with particular emphasis on current sharing effects. The same maximum
oscillation frequency (fmax) is measured for both single-finger and multi-finger InP-
based direct DHBTSs, indicating that the device performance is primarily limited by
extrinsic transistor properties rather than layout-induced parasitic. We identify the base
ohmic contact as the limiting factor, hence the need for further optimization. The results
highlight the critical role of current sharing in ensuring stable operation and preventing
current crowding under high bias conditions, thereby validating multifinger InP DHBTs as
an effective solution for high-frequency high-power applications.
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The RF performance of lll-V heterojunction bipolar transistors (HBTs) is increasingly
limited by fabrication-induced parasitic effects, including access resistances, parasitic
capacitances, and restrictive thermal budgets. This work presents a novel fabrication
approach for inverted IlI-V HBTs based on aluminum-to-aluminum (AI/Al) wafer
bonding, specifically designed to alleviate these RF-related technological bottlenecks.
By reversing the epitaxial stack through a substrate transfer approach, the proposed
process enables the fabrication of RF oriented devices. The Al/Al bonding interface
ensures both thermal resistance and collector resistance levels that remain compatible
with high frequency operation. Preliminary RF measurements performed on proof-of-
concept devices demonstrate the feasibility of the approach and show performance
trends consistent with reduced parasitic limitations. For the 2 finger DHBT (A, = 0.29 x
4.9 pm?), the maximum current gain (B) reaches approximately 25. The device exhibits
F, =227 GHz and F,,,, = 320 GHz. For the 4 finger DHBT (A, = 0.29 x 9.9 um?), the maximum
current gain (B) is around 27. The measured figures of merit are F, = 200 GHz and
Fuax = 273 GHz.

These initial results provide the first experimental RF validation of Al/Al bonded inverted
1=V InP DHBTSs.
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Le projet PEPR TREX-6G vise le développement d'une filiere de technologies bipolaires
& double hétérojonctions III-V InP compatible avec les procédés industriels silicium,
pour la télécommunication 6G. Dans le cadre de ce projet, le LAAS a pour objectif de
fournir un modeéle petit-signal représentant au mieux la physique du composant afin
de permettre d'identifier les éléments électriques (donc les éléments technologiques)
limitants la montée en fréquence de ces composants.

Les contraintes dimensionnelles rendent délicates I'élaboration des modéles en raison
des couplages multiples et des contre-réactions qu'ils induisent, ainsi que d'autres
difficultés qui nous ont amené & développer différentes stratégies de modélisation. Sur
la base d’une structure de traitement des données de paramétres [S] et techniques
de calibrages originaux développés pour les besoins de ce projet, nous détaillerons la
procédure mise en ceuvre, et les pistes en cours de développement pour renforcer notre
technique d'extraction de modéle. Dans le poster, nous présenterons ces modéles sur les
composants développés lors du projet. Nous nous focaliserons sur la validité physique
du modeéle et notamment sur sa cohérence selon les variations de polarisation.
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In a more connected world, fast and reliable cormmunication is essential. With more
data being used due to smartphones and connected devices, the sixth generation of
wireless communications (6G) expected to be commercialized by 2030, will offer new
solutions for faster connectivity, providing the necessary power amplification at high
frequencies.

To address this challenge, this work proposes an innovative approach: integrating
lI-V transistors InP DHBT onto silicon substrate to combine the advantages of both
technologies, with copper bonding on silicon wafers and gold-free metal contacts to
ensure optimal compatibility with industry standards offering better performance for
high-power applications.

In this context, we present the first demonstration of Ill-V devices transferred onto high-
resistivity silicon substrates using an innovative full-area copper heatsink bonding
process compatible with industrial standards. The proposed integration approach
enables robust device transfer while preserving high DC and RF performances,
validating the copper-based integration process for high-frequency and high-power
applications. Thermal resistance measurements further demonstrate the strong impact
of copper on heat dissipation, confirming the interest of this approach for advanced
heterogeneous integration.

In addition, we have developed Si-Fab ohmic contacts for N | P InGaAs based on
Molybdenum (Mo) refractory metals. The best result for the N contact is 7.27 x 108Q-cm?,
which is consistent with the value presented in the literature (5x 108 Q-cm?) for the lift-off
technique associated with an ex-situ treatment. However, for the P contact, we obtain a
value of 9.39 x 107 Q-cm? showing that further optimization is required.
Thisresultwilllead toimproved power performance at high-frequency for 6G-compatible
CMOS integration.
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Vertical-Cavity Surface-Emitting Lasers (VCSELs) have shown a growing interest for
scientists and industrials during the last two decades, particularly in the domains of
data communications and coherent optical systems. When coupled to a tunable
mechanism, they can show wavelength tunability as large as their edge-emitting
counterpart with unsurpassed compactness [1]. Nevertheless, these micrometer lon
cavities also suffer from resonant excess noise due to the relaxations oscillations (RO
in the GHz frequency range. Class A operation where RO are efficiently annihilated
can be achieved in extended external cavities [2] while compromising compactness.
Our project aims to investigate the insertion of intracavity non-linearities in a VCSEL
to regulate the exchange between the laser photon population and the population
inversion. This approach, already well proven in solid state lasers [3], relies on using
a fast nonlinear effect. Accordingly, the right material exhibiting low linear losses, high
efficiency and fast non-linear process must be identified to be further integrated within
a VCSEL cavity. We recently conducted experiments consisting in inserting several
material plates in an Er:Yr:Glass laser. Fe doped InP and Low Temperature GaAs appear
very promising in suppressing RO related excess noise.
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Optoelectronic oscillators (OEO) are convenient devices for the optical generation of
microwaves signals [1][2]. In recent years OEOs have tended to be miniaturized with the
integration of optical delay lines into photonics chips [3]. Closing such integrated optical
delay lines in a resonant configuration is expected to improve the OEO performances.
In this work we report on a fast and reliable method for characterizing the complex
transfer function of an integrated long optical ring resonator. The approach relies on
an acousto-optic frequency shifting loop that generates a dense frequency comb [4],
enabling the retrieval of both the amplitude and phase responses of the resonator. From
these measurements, all the relevant parameters of the resonator can be extracted,
allowing the determination of the its coupling regime. This technique offers significantly
short acquisition time (about 50 ps), thereby reducing the impact of thermal fluctuations
and acoustic noise as well as laser frequency drift. Furthermore, this approach enables
real-time monitoring and adjustment of the light coupling, an important issue in such
long ring resonators where the multimode nature of the ring waveguide ensures low
propagation losses.
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Les sources THz photoniques sont attractives car elles permettent un fonctionnement &
température ambiante, une haute cohérence et une large accordabilité fréquentielle,
répondant aux besoins d'applications telles que les communications haut débit et la
spectroscopie [1,2].

Nous présentons le développement de sources laser IlI-V destinées au photomélange
THz, basées sur une architecture VECSEL émettant par la surface. Un laser continu bi-
fréquence et un laser & verrouillage de modes passif sont étudiés, et leurs propriétés
optiques et radiofréquence sont caractérisées afin d’évaluer leur aptitude & générer un
battement optique cohérent dans le domaine hypérfréquence-THz [3,4].

En paralléle, nous introduisons un nouvau composant pour le photomélange en continu
basée sur une structure quantique de surface d'InGaAs/AlGaAs épitaxiée par MOCVD
a haute température de haute qualité cristalline et une technologie de contacts &
doigts interdigités. Celle-ci présente un temps de vie des porteurs excités court, de
I'ordre de 10 ps, associé a une bonne mobilité électronique, ce qui en fait une alternative
prometteuse aux antennes & photoconducteurs épitaxiées & basse température pour
des applications THz & température ambiante en régime continu, qui reposent sur des
compromis entre temps de vie ultra-court et dégradation de la mobilité électronique.
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Dans le cadre du projet OROR visant & développer des composants optiques pour les
systémes électroniques haute-fréquence, ce travail a pour but de générer de multiples
peignes de fréquences proche IR & impulsions picosecondes au taux de répétition GHz,
pour la conversion opto-RF. La technologie développée se base sur un VECSEL (Vertical
External Cavity Surface Emitting Laser) & semiconducteurs ll-V de la filiére GaAs dans
un premier temps. La cavité externe d'un VECSEL permet l'intégration de composants
intra-cavités (métasurface, filtre spatial, lentille, absorbant non-linéaire) pour de
structurer de maniére flexible la lumiére et sa cohérence [1]. Un SESAM (SEmiconductor
Saturable Absorber Mirror) rapide de haute qualité cristalline est utilisé comme miroir
de sortie afin de générer des trains d'impulsions par verrouillage de modes passif. Il est
basé sur la méme technologie, exploitant un puits quantique InGaAs/GaAs de surface,
évitant une croissance a basse température. La structuration spatiale est permise par
'usage d’'une cavité auto-imageante de haute finesse et télécentrique. Ceci permet
de générer le profil de champ recherché & partir d’'un quasi-continuum de modes
et un multiplexage transverse sur un large diamétre. A cet effet, une métasurface
hybride métal/diélectrique est intégrée/déposée sur la structure épitaxiée [2]. Cette
structuration spatio-temporelle de la lumiére permet de générer une matrice de
lumiére cohérente et fonctionnalisée au sein d’'un méme composant [1].
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L'electronique pour
le calcul
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La performance énergétique des processeurs conventionnels étant désormais
dominée par le colt du transfert de I'information entre les différentes strates de
stockage et les unités de calcul, des innovations de rupture sont nécessaires
en termes d’architecture, mais aussi de composants électroniques permettant
de rapprocher voire fusionner les fonctions de calcul et de mémoire.

Si les mémoires magnétiques semblent avantageusement positionnées pour
répondre aux critéres d’endurance et de vitesse associés d ces nouveaux
paradigmes, les caractéristiques de la génération actuellement en production
demeurentinsuffisantes. Au cceur de ce projet ciblé, des dispositifs innovants
issus de la recherche fondamentale permettant notamment de découpler
lecture et programmation, viseront a adresser les verrous qui persistent,
tout en évoluant vers des solutions compatibles avec les standards de
fabrication industrielle.

BEP

FERROFUTURES

FEMTO-ST | C2N | INPHYNI | IM2NP | IRAMIS | Lab. A. Fert

Le projet BEP vise d réduire considérablementla consommation énergétique
de I'électronique pour le calcul. Il s’inspire pour cela du cerveau qui
connecte de fagon dense, tridimensionnelle et reconfigurable ses unités
de calcul, les neurones. Notre stratégie consiste & combiner I'électricité et la
lumiére, qui permet des connexions 3D ultra-denses pour imiter 'architecture
du cerveau. Nous développerons par ailleurs des technologies mémoires
imitant les synapses, permettant & nos circuits d’apprendre, comme le
fait le cerveau. Enfin, nous réaliserons des nano-neurones interconnectés
capables de calculs extrémement complexes avec peu de composants.
Toutes les différentes briques seront intégrées dans des technologies CMOS
pour réaliser des calculs bio-inspirés. Elles donneront les fondations pour une
plateforme cognitive intégrant les différentes stratégies du cerveau pour
calculer et économiser de I'énergie.

IMS | INL | IM2NP | CEA-Letil CEA-List | CEA-Iramis

L'Internet des objets (IoT) requiert le déploiement d’une intelligence artificielle
(1A) de proximité, IlAe, qui devra répondre aux exigences en termes de trés
faible consommation, de faible latence, de traitement temps réel, et de
confidentialité. La technologie ferroélectrique posséde un potentiel inégalé
notamment en termes de consommation d’énergie permettant d'‘accéder
& des fonctionnalités non-volatiles & un colt trés bas et une efficacité
surpassant celle des technologies concurrentes.

Sur la base des travaux pionniers sur la fabrication de mémoires
ferroélectriques HZO (HfzrO2) bien plus respectueuses de I'environnement
que ses prédécesseurs & base de plomb PZT (PbZzrTiO3), le projet FerroFutures
propose une approche de co-optimisation entre la technologie, le circuit et
le systéme qui sera mise en ceuvre selon deux axes:

« I'optimisation d’'un composant ferroélectrique (FeMFET) a basse tension,
avec une endurance supérieure é 1012 cycles, une lecture non destructive,
et son intégration en circuits innovants pour le calcul embarqué & base de
microcontrodleurs ;

« la conception de circuits et d’architectures en rupture pour la réalisation
d’unsystéme de calcul (vectoriel) de type datalogger haut débit (2100Mo/s)
sur la plateforme du CEA MAD200 dont le démonstrateur donnera lieu & une
puce de test.
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Analog in-memory computing (IMC) accelerates edge machine learning, particularly
when using Binary Neural Networks (BNNs). While BNNs use 1-bit inputs and weights,
output activations require multi-bit Analog-to-Digital Converters (ADCs), creating
significant energy and latency bottlenecks. Trading ADC precision for efficiency typically
degrades model accuracy. We propose a SPICE-based Hardware-Aware (HWA) training
method to reduce these ADC requirements. Demonstrated on an SOT-MRAM crossbar,
our solution injects SPICE simulation data into the training framework, enabling the
network to learn quantization and error patterns. This approach supports both chip-
specific adaptation to unique defects and chip-agnostic robustness against process
variations. On ImageNet, our HWA-trained models achieve near-software baseline
results at 4, 5, and 6 bits, with a maximum accuracy drop of only 0.83% for chip-specific
and 2.62% for chip-agnostic regimes.
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Equilibrium Propagation has emerged as a promising method to train physical neural
networks [1]. Resistor networks are a natural substrate because they exhibit analog behaviour
and benefit from a local learning rule [2]. Electrical circuit simulators like SPICE, which are
widely used to model analog networks, provide high precision but suffer from long simulation
times, which makes them impractical.

A recent work proposed using a fast algorithm based on the exact coordinate-descent to
simulate deep resistive networks [3]. While this delivers massive speedups, the formulation
assumes a linear electrical network, with the idealized diodes as the non-linearities. Here,
we extend the exact coordinate-descent approach to support simulating piecewise-linear
functions, polynomial nonlinearities, and exponential nonlinearities within a single framework.
For the non-linearities, where the closed-form solution of an individual coordinate-descent
step may not be available, we employ root finding with the automatic differentiation. Using an
architecture identical to Kendall et al. [2] in size and nonlinearity, we train a network on MNIST.
The training completes in under two hours with machine-precision equilibria, which yields a
100x speedup compared to SPICE simulations.

As electrical networks become deeper, amplification becomes a critical issue because voltage
drops across the resistive elements - which encode signal - reduce with depth. Including
amplification in the deep resistive networks is non-trivial: amplification breaks reciprocity,
which makes the conductance/weight matrix asymmetric. On the other hand, EqProp requires
that the networks dynamics minimize a well-defined energy, which typically holds only for
symmetrical systems. Kendall et al [2] proposed using a matched bidirectional amplifier that
amplifies the voltage by a factor A in one direction and de-amplifies the current by B=1/A in
the other, however without a theoretical justification.

Here, we provide a theoretical foundation for it and generalize this concept to any bidirectional
amplifier with A,B>0. We establish conditions under which a well-defined energy functional
exists despite asymmetry in the conductance matrix and the resulting non-reciprocity,
thereby proving that such amplified networks can still minimize an energy. Finally, the effects
of the amplification are included in the coordinate-descent framework.

These results open several perspectives. By enabling fast simulation with the physical
nonlinearities, we open the way to scaling EqProp on deep resistive networks to larger datasets
while retaining high simulation accuracy. In parallel, we establish a theoretical guarantee
that any bidirectional amplifier stage can be included in the EqProp networks. This solves the
problem of the vanishing signal, while making its implementation easier.
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Spin-orbit torque (SOT) enables ultra-fast, energy-efficient magnetization switching, making
it a promising mechanism to introduce MRAMs for cache memories applications [1]. However,
present SOT-MRAM devices, Fig.l(a), face write efficiency limitations, with charge-to-spin
conversion (6DL) reaching - 45%, far below the projected - 80% needed to comply with current
delivery of advanced transistors nodes [2]. Recent advances in orbital current physics,
evidenced in a wide class of materials, offer a path to enhance - DL [3, 4]. To exploit orbital
effects — such as the orbital Hall effect (OHE), and the orbital Rashba-Edelstein effect (OREE)
- in SOT-MTJ devices, spin-orbit coupling (SOC) is required to convert the orbital current into
spin current. This can be achieved by selecting a ferromagnet (FM) with sizable SOC, such as
Ni. Another solution, which has the benefit of a less restrictive material choice, is to introduce
a strong SOC conversion layer between the orbital source and the ferromagnet [5]. Here,
we study the Ta(3-30nm)/W(1-4nm) system Fig.1(b), revealing a large additional spin-orbit
torque contribution arising from Ta, a four-fold increase compared to the spin Hall effect in Ta
alone, attributed to the orbital Hall contribution. This system exhibits efficiencies comparable
to W-based SOT systems, but with more robust perpendicular magnetic anisotropy (PMA),
and compatibility with 400C annealing, Fig.1(c). Leveraging these advantages, we integrate
the Ta/W system into 3-terminal SOT-MTJ devices, showing a level of performance similar
to that of W-based systems. Our results show that orbital physics can be easily integrated
into SOT-MTJ systems, offering a viable strategy to enhance SOT-MRAM efficiency, Fig.1(d). In
addition, we propose and demonstrate a proof-of-concept for vertical non-local switching
of SOT-MTJ using orbital torques, simplifying bottom-pinned SOT-MRAM fabrication.

Figure 1. (a) 3-terminal MTJ. (b) Hall bar scheme. (c) 8o for W
Ta Ta/W and 400C. (d) electrical results
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Spintronic devices based on Heavy-metaI/Ferromognet/Oxide heterostructures can
exhibit strong perpendicular magnetic anisotropy (PMA) and enable efficient spin-
orbit-torque (SOT)-induced magnetic switching [1-3]. Recently, ion-beam irradiation
has emerged as a powerful technique to precisely engineer interfaces at atomic scale
[4-6] and consequently tune the SOT properties, making it highly attractive for next-
generation of SOT magnetic random-access memory (SOT-MRAM).

In this work, we investigate the influence of He+ ion irradiation on the SOT properties
of W/CoFeB/MgO and Ta/W/CoFeB/MgO heterostructures. First, we have optimized the
post-annealing conditions to achieve the crystallization of the CoFeB-MgO layers that
is needed in full Magnetic Tunnel Junctions. From out-of-plane M—H measurements
we observe that the W/CoFeB/MgO sample annealed at 350 °C exhibits the maximum
coercivity consistent with crystallization and high PMA, as shown in Figure 1. In contrast,
the Ta/W/CoFeB/MgO sample shows square hysteresis loops but no clear trend as
a function of the annealing temperature. At next step, we started investigating the
influence of He+ on magnetic properties of the FM layer (Magnetic anisotropy, saturation
magnetization Ms), as well as their potential to modify SOT material conductivity and
to increase SOT efficiency. | will present the preliminary results obtained so far in this
context.

Figure 1. (a) and (b) Normalized magnetic moment as a func-
tion of out-of-plane magnetic field for the W/CoFeB/Mgo and
Ta/w/CoFeB/MgO samples, respectively. (c) and (d) Variation
of coercivity as a function of post-annealing temperature.
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Traditional von Neumann architectures struggle with performance and energy efficiency
when tackling complex computational challenges, such as NP-hard combinatorial
optimization problems. Recent proposals aim to build specific hardware accelerators
inspired by the Ising model [l, 2], describing recurrent neural networks with binary
stochastic activations. The expected benefits stem from their amenability to executing
local search algorithms with Simulated Annealing (SA), while processing the data locally
and minimizing explicit update instructions.

In this work, we combine stochastic Magnetic Tunnel Junctions (sMTJ) as neurons
interconnected by an OxRAM coupling array for the weights. The resolution of NP-hard
optimization problems is demonstrated, including small graph-partitioning instances
(Max-Cut and Graph Coloring) solved experimentally using the two hybrid technologies
(CMOS+memristors, CMOS+MTJ) [3]. Design projections, energy estimates, and
scalability analyses are also provided for larger, future network implementations,
illustrating both scalability and potential impact.
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Non-volatile logic concepts based on ferroelectric materials are emerging as
compelling candidates for ultralow-power computing, ferroelectric spin-orbit (FESO)
architectures offers unique opportunities for voltage-driven operation and intrinsic
memory functionality [1]. A key requirement for FESO devices is the ferroelectric control
of efficient spin-charge conversion, which has so far been demonstrated using two-
dimensional electron gases (2DEGs) in ferroelectric oxides only at low temperature in
bulk SrTiO, (STO).

Here, we take a decisive step toward room-temperature, low-voltage operation by
replacing STO crystals with thin films of the robust room-temperature ferroelectric
Pb(zr,Ti)O, (PZT). We investigate the formation of a 2DEG at the PZT/Al interface via redox
engineering. In contrast to the well-established STO/Al system, where Al deposition
induces Ti reduction and a high-mobility 2DEG [2], we observe a fundamentally different
interfacial chemistry: Pb migration toward the surface leads to the formation of a
metallic Pb layer. While the interface is conducting at room temperature, although it
exhibits low mobility that renders it unsuitable for spin-charge conversion.

To overcome this limitation, we introduce an ultrathin STO buffer layer atop the PZT. This
interlayer effectively suppresses Pb out-diffusion and stabilizes a metallic interfacial
state with carrier mobilities comparable to conventional STO-based 2DEGs. These results
demonstrate a viable materials strategy to combine room-temperature ferroelectricity
with high-mobility oxide 2DEGs, opening a realistic pathway toward ferroelectric control
of spin-charge interconversion. The STO/PZT platform thus represents a promising
building block for next-generation FESO logic devices, bridging a critical gap between
fundamental oxide physics and practical low-power spintronic applications.
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All-Optical Switching (AOS) in spintronic devices has gained a great interest due to its
femtosecond switching time-scale, low power consumption, and enables a compact two-
terminal design for Magnetic Random Access Memory (MRAM) devices. AOS behavior has
been observed in several Rare-earth—Transition Metal (RE-TM) systems [1, 2], notably in Tb/
Co MLs, where its reversal mechanism follows the All-Optical-Helicity Independent Switching
[3]. This switching behavior occurs in a Co-dominant composition, governed by the change of
local anisotropy induced by ultrafast localized heating. The integration of Tb/Co multilayers in
perpendicular magnetic tunnel junctions (MTJ) successfully demonstrated toggle-switchin
behavior in a 100-nm-diameter pillar using 50-fs laser pulses without an external field [4].
However, the thermal resilience of the magnetic stack was limited to 250-270°C, representing
a significant technical challenge for CMOS process integration. To enhance the thermal
robustness, we propose an integration of a trilayer FeCoB/MgO/FeCoB capping structure
directly coupled with the Tb/Co MLs and FeCoB to form a free layer system. By integrating
the capping block, the magnetic anisotropy of the system is increased by the additional
MgO-FeCoB interface, enabling the system to withstand higher temperatures. As illustrated in
the Figure 1(b), the region responsible for optical switching exhibits a narrow width when the
annealing temperature increases, yet remains stable at 350°C before degrading at higher
temperatures. This improvement allows the structure to be fabricated at 300°C, which is a
standard annealing temperature for the fabrication of MRAM devices. Figure 1(c) illustrates an
80-nm pillar with a resistance area of 7.5 Q.um™? showing a distinct resistance state RAP and
RP in a zero field. Switching attempts on this device result in full magnetic reversal under laser
excitation. Further optimization of the Tb and Co layer thicknesses is required to ensure robust
toggle switching for every single-pulse excitation at the device level.

Figure I (@) MOKE mapping of the structure with Co and

Tb wedge thickness at 2500C annealing temperature; (b)
Evolution of the MOKE mappings at increasing annealing
temperature; (c) Resistance-Magnetic Field hysteresis for
low Resistance-Area pillar devices with 80-nm diameter;
(d) A resistance switching measurement under laser-pulse

excitation.
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On-chip learning with resistive memory remains limited by device variability, endurance
constraints, and the high computational overhead of gradient backpropagation. This
work investigates a hardware—algorithm co-design approach for on-chip learnin
on ReRAM crossbar arrays, combining Model-Agnostic Meta-Learning (MAML) [
with perturbation-based learning rules[2] compatible with in-memory computation.
MAML is leveraged to minimize the number of on-chip adaptation steps, significantly
reducing write operations and stress on ReRAM devices[3]. To further align learning
with hardware constraints, gradient perturbation (GP) is explored as alternatives
to exact backpropagation, enabling weight updates using local signals and intrinsic
device noise. Early on-chip—oriented simulations, incorporating multilevel conductance
quantization and noise, show that few-shot classification accuracies up to ~95% can
be achieved with only a small number of on-chip update steps for Omniglot dataset.
This ongoing work aims to experimentally validate perturbation-based meta-learning
on ReRAM hardware and to co-optimize learning rules and programming strategies for
robust multilevel weight encoding. The results suggest a promising direction toward
scalable, energy-efficient, and decentralized learning systems implemented directly in
memory.
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Analog RRAM is highly efficient for on-chip inference, providing important energy
savings [1]. However, on-chip learning poses greater challenges due to the high energy
consumption of gradient-descent-based learning algorithms, the memory overhead
associated with storing gradients and activations, and the endurance limitations of
non-volatile memories used to represent synaptic weights.

In 2024, we introduced a hardware-oriented version of the Forward-Forward algorithm
[2], specifically adapted for energy-efficient learning with resistive memory [3]. We
demonstrated that on-chip learning challenges can be addressed by using alternative
learning algorithms that do not rely on gradient descent, combined with device
optimization.

Extending this work to hardware, we present a RRAM-based in-memory computing
accelerator for on-chip learning. The accelerator leverages analog matrix-vector
multiplication in RRAM crossbar arrays, along with digital control circuitry.
High-accuracy heartbeat classification is demonstrated using real ECG measurements
through software-based learning simulations employing the RRAM-compatible
Forward-Forward algorithm [3]. The accelerator has been fully designed and sent to
fabrication. Silicon measurements will be conducted to evaluate on-chip learning
performance on deep learning workloads.
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Non-Hermitian photonics has recently emerged as a powerful framework to describe
and exploit nanophotonics systems with gain and loss, enabling the observation of
singular features such as exceptional points and their associated properties [1,2].

In this work, we investigate the interaction between two integrated semiconductor
nanolasers. The InP-based photonic crystal nanolasers are distantly coupled through a
common silicon-on-insulator waveguide. This approach, which relies on the integration
of single mode nanolasers on a SOI circuitry, allows for a rich and tailorable modal
configuration [3]. In addition, it allows for the exploration of nonlinear regimes and
of the associated dynamics, which is yet unexplored in the context of non-Hermitian
photonics.

Thus, by combining coupled-mode theory, numerical simulations, and experimental
work, we aim to characterize key phenomena related to emission directionality,
including directionality switching dynamics and collective nonlinear behaviors such as
self-pulsing. These effects are of particular interest for potential applications in ultrafast
on-chip optical routing and all optical switching.
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As conventional computer architectures approach their physical limits and the
widespread adoption of Al continues to accelerate, sustaining computing capacity
efficiently is becoming increasingly challenging yet more critical than ever [1]. This
has motivated the search for novel computing paradigms. One promising approach
is the design and fabrication of unconventional, low-power integrated opto-electronic
computing substrates. The Bio Electron Photon (BEP) project is a collaboration aims
develop such unconventional paradigms.

The work presented here focuses on the design and fabrication of three-dimensional
optical interconnect circuits [2]. By leveraging the intrinsic properties of light, these
circuits enable low-power, high-speed, and highly parallel information transfer, while
three-dimensional topologies allow for increased I/O density within a compact footprint
[2, 3]. We present an overview of the 3D lithography techniques used to fabricate the
optical interconnects and introduce our modular design strategy for producing optical
interconnect circuits. Using an optimization algorithm, we are able to find circuit
topologies to approximate linear operation allowing all-optical data processing. An
update of progress made in design and fabricating these circuits will be given along
with some potential future application.
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Hardware Ising machines address combinatorial optimization problems by searching
for low-energy configurations of interacting spins [1]. Memristors and stochastic
magnetic tunnel junctions (sMTJs) are well suited for these tasks but raise challenges
related to variability, stability, and system integration.

Here, we demonstrate a hybrid Ising machine combining memristor crossbars for
programmable couplings [2] and sMTJs as thermally activated spins [3]. A progressive
RESET-based programming scheme enables stable multi-level conductance in the
memristors, while accurate multiply-and-accumulate (MAC) operation is experimentally
validated. The system reliably solves MAX-CUT and graph-coloring problems and shows
no performance degradation after one month of storage [4]. Simulations further show
that the system remains robust as the problem size increases. Future work will focus on
improving variability control and enabling scaling through 3D integration.
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Integrating photonics with advanced computing architectures enables new approaches
to information processing.[]] This work investigates three-dimensional (3D) photonic
integration with CMOS electronic integrated circuits (ICs) and memristive programming
for neuromorphic computing.[2] This photonic platform aims to overcome the energy
and latency limitations of conventional electronic communication within neural network
computing frameworks, as well as the exponential increase in interconnect with area
compared to the linear increase with volume in 3D circuits.[3] The 3D photonic circuits
are fully all-optically reconfigurable and controlled using the black-box algorithm
Parameter Exploring Policy Gradient (PEPG). Standard PEPG and a memory-inclusive
variant are analyzed to assess limitations. This study is carried out through simulations
and experimental demonstrations, including wavefront control through random media
using a spatial light modulator to reconstruct a target image.
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Nature Communications, vol. 14, no. 1, p. 7530, 2023.

[3] A. Grabulosa, J. Moughames, X. Porte, and D. Brunner, «Combining one and two photon polymerization for accele-
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Spiking refers to the generation of a signal in the shape of a short pulse with high
amplitude, which follows from the activation of an excitable system. Among the
different types of excitable systems, the biological neuron stands out for its ability
to perform complex computation when connected in a dense network, using only
electrico-chemical spikes to transmit information to its neighbors. This behavior is of
great interest for applications in artificial neural networks, as it is believed that spike-
based communication is responsible for the low energy consumption of a human brain
(~20w) [1], setting it apart from digital computers which consume orders of magnitude
more power.

Recently, spiking and excitable behavior have been observed in photonic crystal (PhC)
nanolasers, when paired with saturable absorption or in systems of coupled nanolasers
[2,3]. This new platform enables dense integration on silicon photonics for the first time,
thanks to the small form factor (<100 um2) and low power consumption (<10mWw). It has
become of great interest to study these devices and propose hardware architectures
that could mimic the brain’s operation, receiving the benefits from both lower power
consumption and analog optical computation. We aim to gain understanding of
physical dynamics in the laser and compare it with known models of biological neurons
to reproduce their behavior and their interactions in a network.

References :

[1] s. Herculano-Houzel, “Scaling of Brain Metabolism with a Fixed Energy Budget per Neuron: Implications for Neuronal
Activity, Plasticity and Evolution,” PLOS ONE, vol. 6, no. 3, p. €17514, Mar. 2011, doi: 1041371/journcnl.pone.0017514.

[2] G. Madiot et al, “Harnessing coupled nanolasers near exceptional points for directional emission,” Science Ad-
vances, vol. 10, no. 45, p. eadr8283, Nov. 2024, doi: 10.1126/sciadv.adr8283.

[3] B. Garbin et al, “Reconfigurable photonic neuron,” in Integrated Optics: Devices, Materials, and Technologies XXVIIl,
SPIE, Mar. 2024, p. PC128890H. doi: 10.1117/12.3012122.

Aknowledgement
ANR-22-PEEL-0010

103



FERROFUTURES

Stabilizing antiferroelectricity in oxide thin
films

Krina Parmar 2, Pauline Dufour', Emma Texier?, Cécile Carrétéro',
Xiaoyan Li%, Florian Godel, Jirka Hlinka“, Brahim Dkhils, Hugo
Aramberri¢, Jorge ifiiguez-Gonzdlez?, Stéphane Fusil', Alexandre
Gloter?, Thomas Maroutian?, Vincent Garcia'

I. Laboratoire Albert Fert, CNRS, Thales, Université Paris-Saclay, 91767 Palaiseau, France

2. Centre de Nanosciences et de Nanotechnologies, CNRS, Université Paris-Saclay, 91120
Palaiseau, France

3. Laboratoire de Physique des Solides, CNRS, Université Paris-Saclay, 91405 Orsay, France
4. Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, 18221
Praha 8, Czech 11 Republic

5. Université Paris-Saclay, CentraleSupélec, CNRS, Laboratoire SPMS, 91190 Gif-sur-Yvette,
France

6. Luxembourg Institute of Science and Technology (LIST), L-4362 16 Esch/Alzette, Luxem-
bourg

Antiferroelectrics are characterized by antiparallel dipole ordering, zero net polarization,
and a field-induced transition to a ferroelectric phase, producing a double polarization—
electric field hysteresisl. These properties are highly desirable for high-energy-density
storage and neuromorphic devices? Neuromorphic devices rely on the stabilization
of antiferroelectricity in ultrathin films. PbZrO,, the prototypical antiferroelectric, can
host complex polar textures?, including ferrielectric and ferroelectric phases in bulk
and ultrathin films4. While first-principles calculations suggested tensile strain could
stabilize antiferroelectric order at the nanometer scale, there was no experimental
demonstration because of the large lattice mismatch with conventional substrates.
We demonstrate robust antiferroelectricity in ultrathin PbZrO, films epitaxially grown
under tensile strain on LaLuO, artificial substrates. Electrical measurements reveal sharp
double hysteresis loops, while atomic-scale imaging confirms stable antipolar order
down to a thickness of 9 nm®. In order to obtain an antiferroelectric behavior in thinner
films, we explored several strategies including synthetic antiferroelectrics based on
ultrathin PbTiO, grown under tensile strain or CMOS compatible ZrO,-based materials. In
the first strategy, in-plane domains can be transformed to out-of-plane domains under
perpendicular electric field, with an associated resistive switching that could mimic the
behavior of neurons.
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Non-volatile ferroelectric memories such as FTJ, FeRAM, and FeFET have attracted
strong interest in recent years for In-Memory Computing applications. Among them,
the Ferroelectric-Metal Field-Effect Transistor (FEMFET) architecture integrates a
ferroelectric capacitor fabricated in the back-end-of-line and connected in series with
the gate of a conventional MOS transistor [1]. This approach enables high endurance,
fast read and write operations, and intrinsically non-destructive readout compared to
other ferroelectric memory architectures [2].

However, FEMFET devices suffer from severe retention limitations, typically on the order
of tens of seconds [3], significantly lower than FeFET or FeRAM. These limitations mainly
originate from leakage currents through the ferroelectric capacitor [3]. In order to
mitigate this leakage current, we propose to use an FTJ-like stack (MIFM) instead of a
FeCAP-like stack (MFM) on the gate of the transistor. To evaluate benefits and drawbacks
of this solution, we provide a comparison between both architectures. In results, even if
the supplementary insulator layer lightly degrades ferroelectric properties, it allows ten
times better endurance and retention. Thus, this represents a new milestone in FemFET
development.
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Intensive research efforts are underway to overcome the Von-Neumann bottleneck in
traditional computing architectures, primarily manifested in limitations of throughput
and energy efficiency. Among the promising alternatives under investigation are
various Logic-in-memory (LiM) approaches, such as non-volatile logic circuits, which
aim to bridge the gap between logic and memory units.

In this context, we explore non-volatile logic circuit design based on the Ferroelectric
Field Effect Transistor (FeFET) technology, which is particularly attractive for weight-
stationary hardware architectures, such as CNNs. The operating principle of these
circuits relies on the threshold voltage shift of the FeFET: depending on the polarization
state of the ferroelectric layer, the threshold voltage can be either increased or
decreased. Consequently, logic functionality can be achieved by using the non-volatile
ferroelectric polarization state as one data input and the applied gate voltage as a
second data input.

This approach not only enables non-volatile logic design but also allows the
implementation of compactlogic gates with fewer transistors compared to conventional
CMOS counterparts. However, designing and evaluating such circuits remains
challenging. Therefore, we have developed a Design Technology Co-Optimization
(DTCO) framework to assess the performance of such circuits under varying device

parameters progromming voltoges and timing conditions La premiére édition des journées scientifiques en 2023 - Poitiers
3 .
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Les actions transverses
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CHOOSE vise a développer une solution de co-optimisation technologie,
circuit intégre et systeme. Il s'agit d'une approche originale intégrant toute
la chaine de valeur de la conception depuis les modéles des technologies
jusqu'au benchmarking applicatif, en prenant en compte les outils de
conception/synthése et de simulation de circuits et d'architectures, les
données des processus de fabrication, les aspects logiciels, compilateurs.
Les études porteront sur les architectures d'accélérateurs de calcul
utilisant des paradigmes avancés tels que le calcul approximé, vectoriel ou
encore stochastique. CHOOSE permettra de projeter les développements
technologiques du nano-composant unitaire sur la conception et les
performances de circuits et d’architectures complexes pour les applications
avancées.

ADICT

PAC

CRHEA 1 IEMN | Lab. A. Fert | SPINTEC | CEA-Leti
L'objectif de cette action concertée transverse est d’adresser les verrous

qui bloquent jusqu'd présent l'intégration des matériaux bidimensionnels
(Matériaux 2D5 dans la filiere électronique. Ces matériaux 2D n‘ont pas été
adoptés jusqu’'da présent par une filiere industrielle malgré les performances
remarquables au niveau des composants individuels. Nous proposons de
montrer qu’il est possible d’obtenir des matériaux 2D monocristallins surde
grandes surfaces (taille du substrat), de pouvoir former des empilements
d'hétérostructures complexes soit par croissance in situ, soit par report par
collage avec contréle de I'angle d’'empilement et d'intégrer ces matériaux
sur une plateforme silicium. En s’appuyant sur le développement avancé des
matériaux et des technologies de report, nous ferons la démonstration de
composants & base de matériaux 2D qui pourront répondre aux enjeux de
certains des projets ciblés du PEPR Electronique.

RENATECH | CEA-Leti

La R&D en laboratoire conduit & des PoC trop rarement déployées en
milieu réel. En effet le packaging est le chainon manquant. Les laboratoires
développent des expertises et investissent, avec trop peu d’interactions avec
toute la communauté. Enfin, le Packaging est souvent pergu plus comme une
problématique d'ingénierie que scientifique.

Pour lever ces obstacles 'AC-PAC :

« coordonnera les moyens[compétences pour optimiser I'usage
des ressources, formaliser I'expression collective des besoins. Cette
coordination perdurera au-dela du PEPR.

» coordonnera des développements spécifiques, et lévera des verrous
technologiques du PEPR Electronique, ou d’autres PEPRs.

« anticipera des besoins émergents.

« associera les moyens académiques (CNRS, Universités) et préindustriels
(CEA-Leti).
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Conventional microprocessor-based computing systems struggle to cope with the
energy, power, and performance constraints imposed by processing- and data-
intensive applications such as artificial intelligence. To address this problem, there are
many alternatives, both in terms of technology and architecture. In particular, Near-
memory (NMC) or in-memory (IMC) computing systems [1].

For such a solution, the design space spans the entire hierarchy of computing
abstraction levels. From technology, through design and architecture, to application,
making exploration highly complex. To address this challenge. We need a solution for
exploring the design space that links the technological and system levels from the
?orlies)t stages of the design flow, this is known as System-Technology Co-Optimization
STCO).

In this work we present our STCO approach that consists of a multi-level exploration
workflow for evaluating NMC systems across all abstraction levels. The workflow
integrates several key tools: a SystemC-based simulator for system-level modeling;
TLM Power3 [2], which is a library for estimating static and dynamic energy of IPs across
different technologies; and a DTCO framework, which provides low-level circuit and
technology information to refine SystemC models of Non-volatile memories and IMC
devices. The goal of the workflow is to enable designers to obtain performance, areq,
and energy metrics from a unified environment, and then determining the optimal
solutions using a Python-based exploration cockpit.

References :

[1] W. Sun et al, «A Survey of Computing-in-Memory Processor: From Circuit to Application,» in IEEE Open Journal of the
Solid-State Circuits Society, vol. 4, pp. 25-42, 2024, doi: 10.109/0JSSCS.2023.3328290.
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With the growing demand for artificial intelligence applications, systems based on
the von Neumann principle face a major bottleneck, related to the huge amount of
required data movement and the associated energy and latency costs. To mitigate
these limitations, memory-centric computing architectures have emerged, in which
computational tasks are executed directly within or close to memory arrays. While
this paradigm enables great gains in efficiency [1], it also introduces design trade-offs
involving sizing, technology, and performance metrics.

Exploring this multi-dimensional design space using electric simulations alone rapidly
becomes computationally expensive, especially when iterative optimization is used.

To address this challenge, we investigate a data-driven design exploration framework
in which surrogate models are employed to approximate the behavior of resource-
intensive simulations. By learning the relationships between a set of design parameters
and performance objectives, such models enable fast evaluation of candidate designs
and facilitate large-scale exploration and optimization.

The proposed approach is integrated into a Python-based design platform that allows
systematic sampling of the design space, model training and optimization using
genetic algorithms. Ultimately, this work aims to provide a scalable and extensible
environment for decision making while doing design exploration of architectures that
use new emerging technologies.

References :
[1] W. Sun et al, «A Survey of Computing-in-Memory Processor: From Circuit to Application,» in IEEE Open Journal of the
Solid-State Circuits Society, vol. 4, pp. 25-42, 2024, doi: 10.1109/0JSSCS.2023.3328290.
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Binary Neural Networks (BNNs) [1] are well suited to analog In-Memory Computing
(IMC), as their MAC operations can be efficiently implemented using XNOR-based
computation in SOT-MRAM crossbars. However, conventional high-precision ADCs
are energy-hungry and introduce significant latency, limiting IMC scalability [2]. This
work proposes a flexible and scalable SOT-MRAM-based IMC architecture that exploits
device resistance [3] characteristics and a time-to-digital conversion (TDC) scheme.
By dynamically tuning ADC precision while accounting for process variations, the
proposed design improves throughput by up to 2.6x and energy efficiency by up to 3.3x,
with less than 0.5% accuracy loss on MNIST. Scalability analysis across multiple crossbar
sizes shows a 0.6x reduction in MAC energy from 64x64 to 256x256 arrays, achieving
up to 2.5 TOPS throughput and 224 TOPS/W. The architecture maintains competitive
accuracy on CIFAR-10 and Keyword Spotting benchmarks, and includes digital post-
processing overheads to provide a realistic end-to-end performance evaluation.
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Lintelligence artificielle (I1A) a révolutionné de nombreux domaines, mais sa mise en
oceuvre est associée & une consommation énergétique considérable. Si le calcul en
mémoire, utilisant des composants innovants tels que les memristors et la MRAM, a
démontré un fort potentiel quant & la réduction de la consommation énergétique,
son intégration dans des systémes programmables pose des défis majeurs. Les
mouvements de données importants entre le processeur et la mémoire génére un goulot
d'étranglement pouvant contribuer & une perte du bénéfice énergétique en limitant
I'efficacité réel du matériel. Cette problématique est particulierement prononcée lors
de la phase d'apprentissage des modeéles d'IA, qui nécessite d'importants mouvements
de données, ainsi qu’une grande flexibilité des systémes programmables. Ce projet vise
& développer des architectures hybrides combinant calcul en mémoire et systémes
programmables basés sur l'architecture RISC-V. Un effort important d'optimisation
de cette interface par 'emploi d'algorithmes d'apprentissage locaux, réduisant ainsi
le goulot d'étranglement, ainsi que 'emploi de méthodes rigoureuses d’'évaluation de
la consommation, ont pour objectif de démontrer la faisabilité de I'apprentissage sur
puce pour un faible coup énergétique.
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In the framework of the ADICT project, the partner IEMN-CARBON aims to produce
components based on large scale 2D materials grown by PEPR partners. The objective is
to extract the electrical properties of such materials and to demonstrate their potential
for high-frequency analogue electronics applications. The first components to be
explored are RF transistors and RF switches [1iJ

First, we focus on fabricating RF transistor based on WSe, material grown at IEMN by
MBE directly on a GaP substrate [2], thereby eliminating the need for a transfer step.
The fabrication process has been optimized, including a systematic investigation of
various contact metals to enhance device performance. Two samples with different
WSe, thicknesses were investigated to assess thickness-dependent effects. In addition,
a statistical electrical characterization was performed on more than 50 devices per
sample, including transistors and TLM structures, in order to evaluate device-to-device
variability and process reproducibility.

A second ongoing study is dedicated to the development of a technological process
for the fabrication of RF switches based on materials provided by our partners at CEA-
Leti. The material used are WSe, and PtSe, grown by molecular beam epitaxy (MBE) at
CEA [3], capped with a gold oner and subsequently transferred onto a 2x2 cm silicon
substrate. Electrical characterization, including DC and RF measurements, will be carried
out to assess switching performance and device reliability.
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The emergence of memristors has driven the development of energy-efficient
electronic devices, while terahertz technologies offer strong potential for high-data-rate
wireless communications. Addressing the challenges of high-frequency operation and
continued device scaling requires compact vertical architectures. Two-dimensional
materials provide a compelling platform in this context, as their properties remain
robust down to the atomic monolayer, enabling low switching voltages, high cutoff
frequencies, and scalable device implementations, including horizontal architectures.
The development of such architectures relies on the ability to grow wafer-scale 2D
materials with sufficient quality.

Here, we report the optimization and characterization (K-PEEM, XRD, XPS ..) of large-
area growth of 2D transition metal dichalcogenides (TMDCs) for both vertical memristor
applications (Wse, [1], PtSe,, HfSe, MoTe, In,Se,) and horizontal architectures (>3 ML
PtSe,). These materlals are subsequently tronsferred onto pre-patterned substrates
with planar electrodes and fabricated into vertical devices, including memristors and RF
switches [2], as well as horizontal devices such as Hall bars and transmission line models
(TLMSs). Preliminary results on the performance of these devices are also presented.
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Magnetic Tunnel Junctions (MTJs), at the core of Magnetic Random-Access Memories
(MRAMS), are now expected to be further exploited for post-CMOS unconventional
electronics strategies Fspin—logics, stochastic, neuromorphic, quantum computing...). In
this direction, 2D materials are highly promising for spintronics devices thanks to the
new potential of exploitation they offer to tailor the spin polarization [1,2,3]. Along this
direction, the discovery of a new class of 2D materials, 2D ferromagnets, has emerged
as highly promising, paving the way to gate-controllable 2D magnetic tunnel junctions
(2D-MTJ). However, growing efficient room temperature 2D ferromagnets remains a
clear challenge. Here we introduce a large-scale growth by pulsed laser deposition
(PLD) of room temperature 2D ferromagnets (more specifically Fe,GeTe,), towards their
integration into 2D-MTJs. We will highlight novel in-situ PLD based processes allowing
the growth at CMOS compatible temperatures and the heterostacking of different 2D
materials[4] towards integration into tailored 2D spin heterostructures.
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Since the synthesis of graphene in 2004 [1], interest in two-dimensional (2D) materials has
significantly increased, particularly in transition metal dichalcogenides (TMDs) such as
molybdenum disulfide {) 0S,). These materials offer exceptional electronic, mechanical,
and optical properties at the atomic scale, and their bandgap is tunable depending
on the number of layers [2], making them highly suitable for advanced electronic, and
optoelectronic devices. However, synthesizing high-quality 2D materials on an industrial
scale remains a challenge. Although Chemical Vapor Deposition (CVD) and Pulsed
Laser Deposition (PLD) offer more scalable alternatives, they encounter issues related
to thickness uniformity and purity control. In this context, Molecular Beam Epitaxy (MBE)
has emerged as a promising technique for the growth of TMDs (such as MosS,), thanks to
its precise control over deposition parameters and the ability to monitor growth in situ
using techniques such as Reflection High-Energy Electron Diffraction (RHEED).

In this work, we investigate the growth of two-dimensional MoS, layers by gas-assisted
MBE, using H,S as the sulfur precursor and MoO, as the molybdenum source, under
growth conditions pushed toward the upper pressure limits of the MBE environment.
This approach places the growth regime at the frontier between MBE and chemical
vapor deposition (CVD), enabling enhanced chalcogen reactivity while preserving
the advantages of epitaxial control. MoS, layers were grown on crystalline sapphire
substrates, chosen for their chemical stability and their relevance as insulating platforms
for electronic devices.

Our study demonstrates the growth of MoS, layers on sapphire substrates using MBE.
Morphological characterization performed by Atomic Force Microscopy (AFM) revealed
the formation of well-defined triangular MoS, domains on the sapphire surface. Raman
spectroscopy analysis of the E', g And A wbrotlonal modes exhibited distinct peak
separations, confirming the presence of monolayer bilayer, and trilayer MoS,. High-
Resolution Scanning Transmission Electron Microscopy (HR-STEM) was employed to
investigate the structural quality and the interface between the MoS, layers and the
sapphire substrate.

Overall, this work establishes a controlled growth platform for high-quality MoS, layers,
paving the way toward their integration into field-effect transistor (FET) devices.
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Stacking 2 layers of two-dimensional material (2D) with a controlled angle opens the
way to fascinating phenomena and a new research field called twistronics. For instance,
with the stacking of 2 layers of 2D, it is possible to change the bandgap, the absorption,
the permittivity and the electron mobility."? However, this implies several critical steps
such as the transfer of the first layer and the transfer and precise orientation of a second
layer onto the first one.

In this study, we stacked two 2D materials with different bonding energy to their growth
substrate: MoS, grown by ALD® on 100 nm thick SiO, wafer on Si and graphene grown on
Sic“.

The transfer of MoS, is rather easy using a classical wet method, while the transfer of
graphene on SiC is really challenging due to its strong bonding energy with the growth
substrate.® The process development of MoS, stacking is the first step to prepare for the
graphene stacking process.

We report here a way to transfer and achieve the right orientation of 2 MoS, layers. We
succeeded to stack two layers and orienting them with an angle of 45°. This allows us to
obtain a first protocol to stack two 2D layers. For graphene on SiC, we are developing the
transfer process for one layer. We have succeeded in transferring high-quality Graphene
from 6H-SiC but not from 4H-SiC. The transfer of graphene induces mechanical defects
such as few cracks, but the quality of the graphene is preserved. Different approaches
are being pursued to reduce the number of cracks across the 1cm?2

Physico-chemical characterizations of the different transfers are analyzed by optical
microscopy, Raman spectroscopy, AFM, SEM, and photoluminescence to evaluate the
properties, and see how the transfer influences 2D pristine properties.

In the future, electrical characterization will be performed and twisted layers of
transferred graphene will be evaluated using a well-controlled micrometrics rotor to
control the angle to as close as 1°.
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La miniaturisation des composants microélectroniques augmente la densité des
interconnexions et exige des solutions de packaging avancé, notamment en matiére
de qualité et de fiabilité des interfaces métalliques [1]. Ce projet porte sur deux étapes
critiques du packaging: la remétallisation et le microbillage sur puces unitaires. Ces
besoins ont été identifiés au sein de I'Action Concertée Packaging (AC-PAC) du PEPR
Electronique et sont issus des solutions nécessaires & divers acteurs industriels et
académiques. A cet effet, nous allons identifier les procédés de métallisation et de
microbillage existant sur les différentes plateformes académiques nationales (CNRS
et CEA) et compatibles avec les cahiers des charges. Nous réaliserons le design
des composants (puce diode, IGBT et Mosfet) ainsi que les véhicules tests pour la
fabrication des masques. Ce projet portera essentiellement sur la mise en oeuvre de
procédés d'électrodéposition (ECD) pour la remétallisation de cuivre épais (8pm) sur
puce unitaire, sur le microbillage de divers alliages, ainsi que sur le développement d'un
procédé de croissance électrolytique d'indium pour les pas allant jusqu’d 7,5um. Des
étapes de caractérisation et de test électrique valideront la fiabilité du packaging. Des
essais réalisés au LAAS-CNRS, dans le cadre du projet Vertigo, ont montré la faisabilité
de la remétalisation sur puce nue avec un dépdt de 10 ym d’épaisseur de cuivre,
bien que des verrous subsistent sur 'lhomogénéité du dépbt et sur le réalignement
lithographique. Ces travaux se poursuivent a la PTA (LMT/SPINTEC-CNRS) et sont en
collaboration avec le CEA-Leti, le LAAS-CNRS pour les procédés de microfabrication, le
LP3-CNRS pour le procédé LIFT [2] et le Laplace pour les tests et caractérisations. Ce
projet d'une durée de 24 mois se terminera en octobre 2027.
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Les sources d'atomes ultra-froids (T<100mK), basées sur des condensats de Bose-
Einstein, présentent un intérét majeur pour les futures générations de capteurs
quantiques, notamment pour les applications de type interférométrie atomique. Dans
ce cadre, la miniaturisation et la simplification de ce type de sources pour en favoriser
I'embarquabilité motive de nombreux travaux : puces atomiques intégrant de forts

radients de champs d'une part [1], systémes de piéges magnéto-optiques & réseaux
GMOT) d'autre part [2]. Nous avons récemment montré que la combinaison de ces
deux approches permet d'obtenir des sources d’atomes ultra-froids présentant un
flux d'atomes froids important tout en garantissant une structure robuste, compacte,
et économe en énergie [3]. Cependant, la réalisation de ces sources repose sur
I'nybridation d’un réseau de diffraction sur une puce magnétique elle-méme hybridée
surune embase active, 'ensemble devant répondre & un cahier des charges (thermique,
compatibilité ultra-vide..) exigeant. L'objectif du projet est de fiabiliser cette étape
cruciale d’hybridation pour sécuriser les futures études reposant sur ce type de puces.
Nous présentonsiciles différentes étapes du procédéinitial de fabrication et d’hybridation
des puces magnéto-optiques. Nous nous concentrerons sur les étapes d’amincissement
du réseau de diffraction ainsi que sur les étapes de collages tout en garantissant la
planéité du réseau et limitant les contraintes internes au substrat. Finalement, nous
discuterons de méthodes alternatives afin de garantir la reproductibilité de ce procédé.
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Les performances des % VECSELs sous fort pompage
optique sont fondamentalement limitées par Iimpédance
thermique & linterface puce-boitier [1], ce qui a un impact
direct sur l'efficacité optique, la stabilité de la longueur
d’onde et la puissance de sortie du laser. Nous présentons
une approche de packaging thermique intégré pour les %
VECSEL GaAs fonctionnant dans la gamme spectrale 800-
1100 nm, dans laquelle un dissipateur thermique métallique
est intégré a proximité immédiate du réflecteur de Bragg
par couplage d'une gravure séche et i) d’'une croissance
électrolytique de cuivre et ii) d'une sérigraphie de pates &
base de particules métalliques.

Linfluence de la géométrie du dissipateur thermique, du
diameétre de l'ouverture et du matériau métallique est
étudiée de maniere systématique, en tenant compte du
compromis entre la stabilité mécanique, la compatibilité
des processus et l'efficacité de I'extraction de la chaleur.
Les mesures de résistance thermique révelent une forte
dépendance & la conception du dissipateur thermique.
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Le verre représente un matériau de choix pour les applications de packaging grace
a ses propriétés remarquables : isolation thermique et électrique, transparence sans
autofluorescence, faible expansion thermique et résistance mécanique élevée, entre
autres. La technologie FLICE*, également appelée SLE (Selective Laser Etching), constitue
aujourd’hui 'unique approche permettant une véritable structuration tridimensionnelle
de la silice fondue, avec de trés hauts rapports de forme, de I'échelle micrométrique &
centimétrique. Ce procédé en deux étapes combine l'irradiation par laser femtoseconde,
quiinduit des modifications structurales localisées, avec une gravure chimique sélective
au KOH offrant un facteur de sélectivité supérieure & 100:1 [1].

Le développement de procédés SLE sur I'équipement Nanofactory de FEMTIKA ouvre la
voie & unefiliére technologique verre innovante pour le packaging. Parmiles applications
visées figurent la fabrication d'interposeurs en verre permettant l'interconnexion de
composants électroniques avec des propriétés diélectriques optimales, la réalisation
de vias traversants (TGV - Through Glass Vias) qui peuvent ensuite étre remplis par
voie électrochimique pour assurer une connexion électrique verticale, ainsi que le
développement de supports microstructurés pour I'alignement et le couplage précis de
fibres optiques avec le substrat, essentiel pour les applications en photonique intégrée.
Une autre possibilité de I'équipement concerne la soudure verre-verre & température
ambiante en augmentant la puissance du laser, ce qui permettrait d'obtenir des capots
transparents pour des applications aux (bio) MEMS, électronique organique, capteurs
en milieu liquide, ou des composants sensibles & la chaleur.

Ainsi, I'établissement de cette « filiere verre » promet d'élargir significativement les
horizons d’innovation technologique en packaging dans les domaines de la photonique,
I'électronique de puissance, les MEMS ou encore les (bio)capteurs.

*FLICE: Femto-Laser Irradiation followed by Chemical Etching
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Micro-transfer printing (UTP) is an enabling technology for heterogeneous integration,
offering high precision, low-temperature processing, and strong material compatibility
for advanced photonic and optoelectronic systems [1-2]. In this work, we demonstrate
uTP-enabled integration of an interband cascade laser (ICL) onto silicon (Si) and
silicon-germanium (SiGe) platforms, overcoming key limitations of conventional
integration methods [3].

Building upon this foundation, we report recent progress in uTP process development,
focusing on scalability, material expansion, and transfer accuracy. A key advancement
is the successful extension of uTP from localized, small-area transfer to large-area and
large-format integration, which is essential for practical device manufacturing. The
effects of transfer parameters and stamp mechanics on yield and alignment accuracy
during large-area transfer are investigated. In addition, micro-transfer printing of indium
phosphide (InP) materials is experimentally demonstrated, highlighting the capability
of UTP for integrating IlI-V compound semiconductors. To better meet application
requirements, uTP of target materials with varying thicknesses is also explored, providing
enhanced flexibility in device design.

Furthermore, continued efforts are devoted to improving transfer precision and reliability
for both single-device and high-density, massive-transfer processes. Enhanced
alignment accuracy and yield are achieved through systematic process optimization.
These results demonstrate the robustness and scalability of pTP and underline its strong
potential for heterogeneous integration.
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RENATECH-CNRS

CEA-Leti | SPINTEC | INL

La plate-forme de nanocaractérisation PFNC regroupe plusieurs laboratoires
de haut niveau qui associent leurs connaissances en travaillant sur des
équipements communs. Leur rang mondial garantit des activités de premier
plan en recherche et développement avec les objectifs suivants:

« Enrichir la connaissance, le savoir-faire et I'expertise dans les analyses de
nanocaractérisation,

- Favoriser le développement de nouveaux outils et équipements d’'analyse
structurale ou physico-chimique des nanostructures et des dispositifs,

+ Constituer des programmes et des projets communs entre la recherche
fondamentale, la recherche appliquée, et les industriels dans les domaines
des nanosciences et des nanotechnologies.

CRHEA | IEMN | Lab. A. Fert | SPINTEC | CEA-Leti

Renatech est le réseau académique frangais des équipements de pointe
dans le domaine des micro et nanotechnologies piloté par le CNRS.

Son objectif est de développer, maintenir et fournir une infrastructure
compétitive pour la recherche et la R&D en micro et nanofabrication en
France pour les clients académiques ou industriels.

Renatech est le partenaire privilégié pour les projets technologiques. Les
centrales de fabrication sont réparties sur tout le territoire frangais afin de
garantir la proximité nécessaire d la réalisation des projets.

C’est un écosysteme innovant et riche de compétences qui permet de
bénéficier de services spécifiquement congus pour 'accompagnement tout
au long des développements technologiques.

125



126

PFENC

Atom probe tomography specimen
preparation on FIB Helios 5 FX

Maryna Dryhailo'? Isabelle Mouton? Théo Monniez', Adeline Grenier"
Frédéric De Geuser?

1. Université Grenoble Alpes, CEA, Leti, F-38000 Grenoble, France.
2. Universit- Grenoble Alpes, Grenoble INP, SIMaP, F-38000 Grenoble, France

Atom probe tomography (APT) is a state-of-the-art technique that provides information
about nature and 3D spatial distribution of species inside the layer of interest. APT
specimen is prepared in the form of a sharp needle, often utilizing electropolishing.
However, the latter is not suitable for semiconducting materials due to their poor
conductive properties. As a good alternative, focused ion beam (FIB) is used for APT
specimen preparation [1,2]. In this work, Thermo Fisher Scientific FIB Helios 5 FX was
used for fabrication of Si-based specimen with hyperdoped region of interest. The final
tips were then analysed using CAMECA LEAP 6000 APT. Additional advancement in the
preparation protocol allowed for high APT data reproducibility, quality, and yield.
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Two-dimensional (2D) materials provide a compelling platform in the context of energy-
efficient electronic devices [1], as their properties remain robust down to the atomic
monolayer, enabling low switching voltages, high cutoff frequencies, and scalable
device implementations, including horizontal architectures. The development of such
architectures relies on the ability to grow wafer-scale 2D materials with sufficient
quality and characterize them with state-of-the-art lab-scale techniques. Here,
we report the optimization and characterization using micro-ARPES in a momentum
photoemission electron microscope (kPEEM), of large-area growth of 2D transition
metal dichalcogenides (TMDCs) for vertical memristor applications (WSe, [2], PtSe,,
PtSe,~Mos, [3], HfSe,) and horizontal architectures (>3 ML PtSe,). The perfect control of
the analysis area for band structure measurements allows to analyze sequentially up to
four samples for accelerating material screening. Examples from recent studies on 1-7
ML HfSe, will be shown.
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Thin film deposition by MBE is usually realised under the assumption that the material
fluxes are constant within the deposition time. While it may be an acceptable assumption
for some materials, it is not for others. In particular for oxide materials, the presence of
oxygen in the MBE reactor causes the oxidation of the metals and therefore a variation
of the emitted fluxesl. Regular re calibrations of the different fluxes are required, which is
a tedious task and a source of uncertainty. Although numerous instrumental techniques
are used to tackle this issue? there is a lack of a direct flux measurement technique that
is both sensitive, selective and applicable in real-time. Optical flux monitoring is one
of the promising techniques® and has been already turned into commercial products*.
However, they cannot be operated at very low growth rate as the atomic absorption
is too weak. By implementing an optical cavity within our MBE reactor, we were able to
strongly increase the sensitivity of our OFM sensor®. In this contribution, we will detail
the principle of operation of this sensor and the limitations to overcome to make it a
practical powerful lab instrument.

[11 Y. s.Kim, N. Bansal, C. Chaparro, H. Gross, and S. Oh, “Sr flux stability against oxidation in oxide-molecular-beam-
epitaxy environment: Flux, geometry, and pressure dependence,” J. Vac. Sci. Technol. A 28(2), 271-276 (2010)
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10(1), 1-16 (1973)

[3] Y. Du, T. C. Droubay, A. V. Liyy, G. Li, and S. A. Chambers, “Self-corrected sensors based on atomic absorption
spectroscopy for atom flux measurements in molecular beam epitaxy,” Appl. Phys. Lett. 104, 163110 (2014)
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Silicon Nitride (SiNx) Photonic Technologies provide an extensive range of applications
in telecommunications, bio-sensing and quantum technologies ?1]. However, the
absence of efficient light emission, restricts the integration on small scale chips. In this
context, crystalline oxides doped with rare-earth ions have gained interest in photonic
development, as the intra-4f transitions[2] owned by the rare-earths facilitate optical
amplification at 1530 nm (C-band).

Our work focuses, firstly, on the incorporation process of erbium (Er) ions in yttria-
stabilised-zirconia (YSz) matrix [3], observing the transition from dopant to Er-oxide
layers (Fig. 1 (a)) using STEM and EDX techniques for understanding the structural and
chemical properties of the sample. Secondly after identifying deposition conditions
that ensure a dopant regime for the erbium layers, we fabricate samples with constant
dopant concentration and perform XRD measurements to evaluate the thin-film quality.
Finally, photoluminescence (PL) measurements at room-temperature are conducted to
obtain information about the erbium electronic structure, the crystal-field effects and
the relation between concentration and quenching mechanism that limit an efficient
emission at 1530 nm.
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