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Combining silicon with ITI-V materials represents a promising pathway to overcome the ~29% efficiency limit
of a single c-Si solar cell. While the standard approach is to grow III-V materials on Si, this work deals with an
innovative way of fabricating tandem solar cells. We use an inverted metamorphic approach in which
crystalline silicon or SiGe is directly grown on III-V materials by PECVD. The low temperature of this process
(<200 °C) reduces issues due to the difference in thermal expansion coefficient. Also, growing the group IV
material on the ITII-V prevents polarity issues.

The realization of the final tandem solar cell made of SiGe/AlGaAs requires the development and optimization
of various building blocks. First, we develop the epitaxy at 175°C of Si(Ge) on (100) Si substrates in an
industrial standard RF-PECVD reactor. We prove the promising electrical performances of such grown Si(Ge)
by realizing heterojunction solar cells with 1.5 um epitaxial absorber leading to a V.. up to 0.57 V. We show
that the incorporation of Ge in the layer increases the Js from 15.4 up to 16.6 A/cm?2 (SiGeas%).

Then, the hetero-epitaxy of Si on GaAs by PECVD is studied. c-Si exhibits excellent structural properties, and
the first stages of the growth are investigated by X-ray diffraction with synchrotron beam. We find an
unexpected behavior: the grown Si is fully relaxed, but tetragonal. While the GaAs lattice parameter is higher
than that of silico, we find a higher out-of-plane Si parameter (a,), due to the high hydrogen content in the
layer, but also a smaller in-plane parameter (a,/) than the theoretical one. This low a,; is probably due to
thermal stress induced by the substrate, and led us to the hypothesis that the temperature during the growth is
well above the nominal value. Hereby, we may have found an experimental proof that PECVD growth happens
thanks to local heating during the growth.

Meanwhile, we built a know-how in a new technological field in the III-V Lab: photovoltaics. We developed
materials for AlGaAs solar cells by MOVPE, as well as their full grid design and process flow in clean rooms.
We could reach a high efficiency of 17.6 % for a Aly..Ga,sAs solar cell, being thus suitable for its integration
in the tandem solar cell. Also, materials to grow tunnel junctions (TJ) were studied, and in particular the n-
doping of GaAs with DIPTe precursor to obtain doping levels above 2.7x1019 cm-3. While good TJs were
obtained with standard n-doping with Si, Te doping led to TJs with peak tunneling currents up to 3000
A/cmz2, reaching state-of-the art. Moreover, by studying the integration of PECVD with III-V materials, we
found that hydrogen plays a strong role in GaAs: its doping level is decreased by one order of magnitude when
exposed to a H, plasma, due to the formation of complexes between H and the dopants (C, Te, Si).
Fortunately, this behavior can be recovered after 3 minutes annealing at 350°C.

Finally, the last step of device fabrication is studied: the bonding on a host substrate. We successfully bonded
an inverted AlGaAs cell, removed it from its substrate, and processed a full 2” wafer. We succeeded in growing
our first tandem solar cells by growing thick layers (> 1 um) of Si on inverted AlGaAs solar cells followed by a
TJ. Finally, we study the bonding and substrate removal of this final device, being the first tandem solar cell
grown by inverted metamorphic growth of Si on III-V.

Keywords: Epitaxy, PECVD, MOVPE, Heteroepitaxy, Tandem Solar Cells, 111-V/Si, Tunnel Junctions
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Résumé

La limite théorique d’efficacité d’une cellule solaire simple jonction est de ~29 %. Afin de dépasser
cette limite, une des moyens les plus prometteurs est de combiner le silicium avec des matériaux III-
V. Alors que la plupart des solutions proposées dans la littérature proposent de faire croitre
directement le matériau III-V sur substrat silicium, ce travail présente une approche innovante de
fabriquer ces cellules solaires tandem. Nous proposons une approche inverse métamorphique, ou le
silicium cristallin ou SiGe est cru directement sur le matériau III-V par PECVD. La faible
température de dépot (< 200 °C) diminue les problemes de différence de dilatation thermique, et le
fait de croitre le matériau IV sur le matériau III-V élimine les problemes de polarité.

La réalisation de la cellule tandem finale en SiGe/AlGaAs passe par le développement et
l'optimisation de plusieurs briques technologiques. Tout d’abord, nous développons I’épitaxie a 175
°C de Si(Ge) sur des substrats de Si (100) dans un réacteur de RF-PECVD industriel. La réalisation
de cellules solaires a hétérojonction a partir de ce matériau Si(Ge) crii par PECVD montre que ses
performances électriques s’averent prometteuses. Nous obtenons pour un absorbeur de 1.5 um des
Voc qui atteignent 0.57 V. L'incorporation de Ge permet d’augmenter le Jsc de 15.4 % jusqu’a 16.6
A/cm2 pour Sio 72Geo o8.

En paralléle, la croissance de cellules solaires AlGaAs a été développée, ainsi que sa fabrication
technologique. Nous obtenons une efficacité de 17.6 % pour une cellule simple en Al,.2.GaosAs.
Nous développons aussi des jonctions tunnel, parties essentielles d’'une cellule tandem dans une
configuration a deux terminaux. Nous développons notamment le dopage n du GaAs en utilisant le
précurseur DIPTe, et obtenons des jonctions tunnel ayant des courants pic atteignant jusqu’a 3000
A/cmz, rejoignant ainsi les résultats de I'état de l'art.

Ensuite, nous étudions '’hétéro-épitaxie de Si sur GaAs par PECVD. Le c-Si montre d’excellentes
propriétés structurales. Les premiers stades de croissance sont étudiés par diffraction des rayons X
avec rayonnement synchrotron. Nous trouvons un comportement inattendu : le Si est relaché des les
premiers nanometres, mais sa maille est tétragonale. Alors que le GaAs a un parametre de maille
plus grand que le Si, le parameétre hors du plan (a;) du Si est plus élevé que son parametre dans le
plan (a//). Nous trouvons une forte corrélation entre cette tétragonalité et la présence d’hydrogene
dans la couche de silicium. D’autre part, nous montrons que le plasma d’hydrogéne présent lors du
dépbt PECVD affecte les propriétés du GaAs : son dopage diminue d’environ un ordre de grandeur
lorsque le GaAs est exposé au plasma H2, di a la formation de complexes entre le H et le dopant (C,
Te ou Si). Le dopage initial peut étre retrouvé apres un recuit a 350 °C. Enfin, nous étudions la
derniére étape de fabrication de la cellule tandem : le collage. Nous avons pu reporter une cellule
simple inversée en AlGaAs sur un substrat hote (en Si), retirer le substrat GaAs et effectuer les
étapes de microfabrication sur un substrat 2 pouces. Des couches épaisses de Si (>1 um) ont été
crues avec succes sur une cellule AlGaAs inversée suivie d'une jonction tunnel. Le collage de cette
cellule tandem, et le processus de fabrication technologique du dispositif final sont ensuite étudiés,
afin de pouvoir caractériser électriquement la premiere cellule solaire tandem fabriquée par
croissance inverse métamorphique de Si sur ITI-V.

Keywi)rds: Epitaxie, PECVD, MOVPE, Heteroepitaxie, Cellules solaires tandem, I11-V/Si, Jonctions
tunne

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I’Orme aux Merisiers RD 128 /91190 Saint-Aubin, France






Remerciements

En cette fin janvier 2018, il est temps de revenir sur ces trois dernieres années qui ont mené a la
rédaction de ce manuscrit que, cher lecteur, tu t’apprétes a lre feuilleter. Je profite de ces quelques
paragraphes qui seront probablement les plus lus de ce manuscrit pour exprimer ma plus sincére gratitude aux
nombreuses personnes sans qui tout ce travail de thése n’aurait pas pu voir le jour. La liste de ceux qui m’ont
été indispensables a la réalisation de ces travaux est difficile a dresser tellement ils sont nombreux, mais je
vais tenter ici de remercier chacun de ceux qui m’ont apporté une aide précieuse lors de ces trois années
passees entre les différents laboratoires partenaires. En effet, cette thése a été effectuée dans le cadre du projet
ANR Impetus, qui est le fruit d’une collaboration entre le le LPICM, laboratoire en cotutelle du CNRS et de
I’Ecole Polytechnique, le III-V Lab, GIE entre Nokia Bell-Labs, Thales et le CEA Leti, et enfin le GeePs,
laboratoire de Supélec. J’ai donc eu I’immense chance de pouvoir avoir acces aux équipements de chacun de
ces laboratoires, mais surtout au savoir-faire de leurs membres respectifs. Un tel sujet a la croisée des mondes
du silicium et des matériaux Il1-V, pour applications photovoltaiques requiert la combinaison d’un grand
nombre de savoir-faire que je n’aurais pu acquérir sans les nombreux échanges avec les membres de chacun
des laboratoires partenaires. De plus, ces travaux se sont inscrits dans le cadre d’une thése CIFRE avec Total,
dont j’ai intégré 1’équipe commune Total-LPICM pendant ces trois ans de thése. J’ai ainsi eu la chance
d’évoluer dans un milieu multiculturel, a la frontiére entre le monde académique et le monde industriel.

Tout d’abord, j’ai eu ’honneur d’étre examinée par un jury de grande qualité. Je remercie donc mon
jury, dont mes rapporteurs Eric Tournié et Olivier Durand, avec qui j’ai eu la chance d’avoir des échanges
durant ma these, et dont les remarques avisées sur mon manuscrit ont pu ajouter de nouvelles perspectives a la
compréhension de la croissance par PECVD, ainsi que mes examinateurs, Ignacio Rey-Stolle, Bernardette
Kunert, Nils-Peter Harder et Stéphane Collin pour leur curiosité et leur intérét porté au sujet, et les fructueuses
questions et discussions scientifiques qui ont pu étre soulevées lors de ma soutenance. J’espére que nous
Serons amenes a nous recroiser.

Une thése, c’est avant tout des rencontres et des interactions humaines avec des personnes inspirantes
et motivantes, qui donnent 1’envie de faire avancer la science. Pour cela, j’ai eu I'immense chance d’étre
encadrée par les personnes les plus inspirantes qu’il m’ait ét¢ donné de rencontrer. Je tiens tout d’abord a
remercier mon directeur de thése, Pere Roca i Cabarrocas, directeur du Laboratoire PICM, qui a suivi cette
thése comme si ¢’était la sienne. Son optimisme infini et son investissement savent redonner confiance a tout
moment. Toujours sur tous les fronts, entre réunion, enseignement, mais aussi en manip, sa force n’est pas
uniquement dans son immense puissance de travail, mais aussi -et surtout- dans sa capacité a souder ses
équipes en accordant une grande importance aux moments de partage, pour rendre le PICM un endroit
agréable a vivre. Merci pour son immense disponibilité, et pour son encadrement infaillible. Ensuite, je
remercie Jean Decobert, qui a été mon encadrant au Il1-V Lab, et qui fut le principal moteur de ce projet.
Toujours avide de science et de nouveautés, il fut aussi un entremetteur hors-norme, qui m’a fait comprendre
que le monde de la science et la connaissance était a portée de main de celui qui sait bien s’entourer. Un grand
merci a vous deux pour votre soutien, votre disponibilité tout au long de ces trois années, mais aussi et surtout
pour tous les échanges autres que scientifiques, et les moments partagés.

Une immense partie de ces travaux n’aurait jamais vu le jour sans 1’aide précieuse de Nicolas Vaissiere, post-
doctorant au LPICM. L’Arcam s’est bien remis de son déménagement, et le nouveau réacteur Octopus a pu
sortir des épitaxies en un temps record grace a sa patience et sa rigueur. Son appui fut aussi indispensable
pendant ses deux années au LPICM, et nos nombreux questionnements scientifiques, combinés a ta
connaissance en croissance, ont permis de mettre en lumiére de nouvelles perspectives quant au matériau
PECVD. Je remercie aussi Clément Lausecker, dont j’ai pu encadrer le stage de M2 pendant 6 mois, qui fut
d’une aide précieuse sur la caractérisation des matériaux et cellules en SiGe, et d’une motivation sans
précédents lors de tout ce stage, et notamment pendant notre semaine de manip au synchrotron. Je remercie
aussi Stefano Soresi, autre doctorant du I11-V Lab travaillant sur le photovoltaique, compagnon d’infortune
avec qui I’on a partagé de longs moments autour du réacteur de MOVPE, et souvent vécu ensemble les aléas
des manipulations en salle blanche.

Je remercie aussi les membres du GeePs, de m’avoir guidée lors des fréquentes réunions Impetus,
principalement Jean-Paul Kleider pour son recul sur les mesures électriques et ses conseils avisés. Merci aussi
a Raphaél Lachaume, gréace a qui nous avons pu confronter le monde théorique des cellules solaires au monde

vii



pratique de 1’épitaxie (qui ne se passe pas toujours comme la théorie le souhaiterait). Je remercie ensuite José
Alvarez, pour sa patience devant le banc de mesure de jonctions tunnel, ses aides fréquentes sur des
caractérisations supplémentaires pour mieux comprendre les matériaux étudiés, et ses nombreuses relectures
éclairées.

Le LPICM est un laboratoire fourmillant de chercheurs et de doctorants dont le savoir-faire en PECVD et en
cellules solaires ainsi que les conseils avisés lors des nombreux évenements (séminaires, journées des
doctorants etc...) me furent trés précieux. Je tiens ainsi a remercier tout d’abord ceux qui ont contribué
directement au projet Impetus, notamment Wanghua Chen, Dmitri Daineka et Martin Foldyna, qui ont pu me
guider au niveau de la fabrication des matériaux PECVD ainsi que leur caractérisation. Je tiens aussi a
remercier Pavel Bulkin pour ses nombreux conseils en présentation scientifique (et en gastronomie francaise),
Jean-Luc Maurice pour son recul en microscopie, Erik Johnson, lleana Floerea, Enric Garci-Caurel,
Jacqueline Tran, Tatiana Novikova, et Jean-Charles Vanel. Je remercie aussi Laurence Gérot, Gabriela
Medina, Fabienne Pandolf pour leur appui, Jean-Luc Moncel (le biker québecquois), Eric Paillassa, Fréderic
Liege, et les membres du BEER: Jérdme Charliac, Cyril Jadaud, Francois Silva, Frédéric Farci, et tant
d’autres.

Ces trois années de théses n’auraient pas été aussi plaisantes sans 1’ambiance exceptionnelle du LPICM, et
surtout la horde de doctorants -et Etienne- dont j’ai été entourée pendant ces années, ainsi que les post-docs et
les stagiaires. Les Algecos et le Magnan furent le fruit de nombreux échanges tant scientifiques qu’humains,
toujours dans la bonne humeur. Echanges qui se sont parfois (mais trop peu souvent !) poursuivis autour d’un
chorizo a Lozére ou d’un karaoké enflammé. J’espere que vous continuerez a accorder autant d’importance a
la bonne ambiance dans I’équipe. Je remercie tout particuliérement meS CO-bureaux avec qui j’ai partagé mes
journées pendant mes deux premiéres années de thése: Paul Narchi, le « pun king » indétronable, pour son
incorrigible optimisme, son soutien avant mes premiéres présentations orales, et Ronan Léal pour tous ces
moments (et diners en salle café) partagés aux algécos jusqu’a tard. Merci a vous pour tous les souvenirs que
I’on a pu forger ensemble dans ce bureau, et surtout en dehors, qui resteront a jamais gravés. Ces souvenirs
font que plus d’un an aprés notre séparation géographique, on continue a tout faire pour nous retrouver
réguliérement, méme en venant des quatre coins du monde//de I’ile de France. Nos liens vont bien au-dela des
frontieres de notre ancien bureau. Je tiens aussi a remercier Rafaél Peyronnet qui fut mon co-bureau pendant
ma derniére année de cette thése, pour tous les moments que I’on a aussi pu passer ensemble. Il a réussi a
supporter les humeurs trés oscillantes d’une personne en fin de rédaction. Merci pour son écoute et sa patience
pour les nombreuses fois ou j’ai essayé de lui exposer mes problémes et mes hypotheses, espérant délivrer
mon message de la facon la plus claire possible lors de ma soutenance. Je lui souhaite d’étre aussi bien entouré
que je I’ai été pour la rédaction, méme si les sessions guitare en fin de soirée seront plus difficiles a faire dans
le nouveau batiment IPVF. Un grand merci aussi a Guillaume Fischer, siffleur hors-pair du bureau d’a coté,
qui fut aussi un serial-relecteur de théses. Merci aussi pour les fréquents gateaux alsacien cuisinés avec amour
pour tes collegues de bureau et ses talents de chanteur (dont je ne commenterai pas les choix musicaux). Un
grand merci, a Fabien Lebreton, « El Diplomatico », dont la thése s’est déroulée exactement en méme temps
que la mienne, pour la solidarité sans faille durant notre rédaction commune (et pour son splendide accent
russe en anglais). Je remercie aussi la « nouvelle génération » des thésards Total (plus si nouvelle que ca),
Linda Assam (qui m’a ouvert les yeux sur beaucoup de nouveaux sujets), Amadeo Michaud (pour les
fréquents acces a la machine a café & Marcoussis ;-)) et Marta Chrostowski (oui, j’ai fait I’effort de tout taper !
L’avenir de la XRD repose sur toi). Je leur souhaite le meilleur pour leur thése, qui elles aussi sont a la croisée
de plusieurs laboratoires et de plusieurs savoir-faire. Merci aussi aux anciens thésards que je n’ai c6toyé que
guelques semaines en début de thése, mais qui sont restés - comme je le resterai aussi - trés accrochés a leurs
racines PICMiennes. Leur expérience et leur recul m’a permis de démarrer cette thése au quart de tour:
Romain Cariou, mon illustre prédécesseur dont le manuscrit a été mon livre de chevet, et qui est resté toujours
a I’écoute et de bon conseil pendant ces trois années, Jean-Christophe Dornstetter pour son optimo-cynisme et
surtout sa présence infaillible a tous les événements de retrouvailles, et, de la génération de thésards suivante,
Bastien Bruneau.

Merci aussi a Karim Ouaras et Jean-Maxime Orlac’h pour leur grande connaissance en processus plasma, et
Daniel Suchet pour ses nombreux conseils et son regard neuf. Je remercie aussi tous ceux dont j’ai pu croiser
la route, notamment Rasha Khoury, Farah Haddad, Soumyadeep Misra, Tang Jian, Sanghyuk Yoo
(« bloodhyuk »), mais aussi ceux qui sont passés -et parfois restés- pour le temps d’un stage: Mengkoing
Sreng, Katia Alloua, Adrien Rivalland, Emmanuel Courtade... Je leur souhaite un bel avenir dans le milieu de
la recherche. Bon courage aussi a mes tous nouveaux co-bureaux de I’IPVF, que j’apprends a connaitre en
écrivant ces lignes.

viii



Outre les membres du LPICM, je remercie infiniment toute 1’équipe Total avec qui j’ai partagé mon quotidien,
principalement a Nada Habka et Julien Penaud qui ont été successivement mes encadrants industriels et m’ont
accordé une grande confiance. Merci aussi a Fabrice Devaux, Benoit Lombardet, Lars Oberbeck, Dominique
Neerinck, Perine Jaffrennou pour leur accompagnement, ainsi que 1’équipe des ingés Total sans qui la vie
guotidienne aux algécos aurait bien manqué d’ambiance : Etienne Drahi pour -entre autres- son écoute et ses
nombreux conseils, Sergej Filanovich pour ton éternelle bonne humeur et nos interminables discussions,
Martin Sander, Christoph Sachs, Jara Fernandez, Amjad Deyine, Julien Chapon, Ludovic Hudanski, Gilles
Poulain, Nacib Benmammar, Patricia Prod’homme, Ahmed Ben Slimane, et Christophe Bonnelli. Je remercie
aussi I’équipe de I’'IMEC en Belgique (et leur amphi confortable) dont Guillaume Courtois, Michel Ngamo,
Partricia De Coux, et I’équipe Sunpower que j’ai pu avoir 1’occasion de croiser, ainsi que le londonien Arthur
Onno. Enfin, je remercie Isabelle Le Bihan pour son inépuisable enthousiasme, et ses talents pour souder
1I’équipe.

Coté 111-V Lab, il y a aussi un tres grand nombre de personnes que je dois remercier. Tout d’abord ,
Michel Garcia et Alexandre Larrue, qui m’ont guidée lors de mes premiers pas en salle blanche avant de
pouvoir voler de mes propres ailes. Je remercie aussi Bouzid Simozrag pour sa motivation, son intérét et ses
conseils au quotidien, ainsi que Alexandre Garraud, Jean-Francois Paret et David Carrara que j’ai souvent
sollicités en salle -le DIBS se porte srement mieux maintenant-. Merci a Mohand Achouche, mais aussi a
Yannick Robert, Muriel Riet, Catherine Fortin, Jorge Pereira, Corinne Dernazaretian, ainsi que Pascale
Tefaine et Laurence Lorcy pour leur accueil. Mes remerciements se portent aussi vers tous les autres qui ont
pu m’épauler en salle blanche, notamment de MirSense et Thales Research & Technology. Je remercie en
particulier Simon Ferré pour ses nombreuses explications, son savoir-faire techno et sa maitrise de L-edit,
mais aussi pour son immense intérét pour mon sujet et ses relectures de manuscrit (...et les jam sessions). Je
remercie aussi Johan Aubautret, Clément Gilles pour leur accompagnement en salle blanche, mais aussi
Gaélle Lehoucq pour son aide et son savoir-faire sur le collage, ainsi que Raphaél Aubry, Didier Thenot, Yves
Gourdel, Shailendra Bansropun, Faycal Bouamrane et tous ceux qui ont pu m’épauler et me conseiller dans la
salle techno de Thales.
Je tiens aussi a remercier Jean-Louis Gentner qui fut a I’origine de ce projet, pour les échanges que I’on a pu
avoir durant ma these, en lui souhaitant bonheur et réussite dans sa merveilleuse aventure. Je remercie aussi
Guillaume Binet, épitaxieur a Marcoussis, qui m’a été plusieurs fois d’un grand secours sur le réacteur
MOVPE, ainsi que Jean-Pierre Le Goec, Florence Martin et Nadine Lagay. J’aimerais aussi remercier les
épitaxieurs de Palaiseau Axel Evirgen et Olivier Parillaud pour les discussions qui m’ont permis de prendre du
recul sur les différentes techniques de croissance standard MBE et MOVPE, pour (essayer de) comprendre au
mieux les mécanismes responsables de |’épitaxie par PECVD.
Je remercie aussi, et tout particuliérement Nicolas Paillet qui fut I’expert du Tellure en MOVPE, et Claire
Besangon pour son appui en MOVPE et sa bonne humeur. Je remercie par la méme occasion tous ceux qui, en
plus de ceux déja cités, qui ont rendu agréables mes moments passés au IlI-V Lab (et en dehors.. 1): Agnés
(défenseuse professionnelle), Andrea, Andrzej, Antonin, Carme, Cedric, Cecil, Clément, Cosimo, Florian (et
ses conseils en photo), Gaél, Guillaume B., Guillaume S. (passionné d’hydrogéne), Marija, Michele, Olivier,
Valeria, Roberto, Peppino (bons souvenirs en trottinette...), Piero, Roberto, et tant d’autres. Continuez a
promouvoir la bonne ambiance au labo !

En plus des laboratoires partenaires dans lesquels j’ai évolué lors de ma thése, j’ai pu échanger avec
un grand nombre de chercheurs et personnes extérieurs qui m’ont aussi beaucoup apporté dans mes travaux. Je
tiens a remercier tout particuliérement Ludovic Largeau du C2N, qui a su éveiller en moi une passion pour la
diffraction des rayons X, et qui a ét¢ mon mentor et mon référent dans ce domaine. Je le remercie pour sa
patience et sa disponibilité, toujours dans la bonne humeur. Je souhaite aussi remercier I’équipe CPV du CEA-
LETI, qui travaille avec le I11-V Lab sur des cellules tandem I11-V/Si par collage. Nos échanges ont été trés
fructueux, et m’ont permis de prendre du recul sur de nombreuses parties liées notamment au procédé de
fabrication. Je remercie ainsi Christophe Jany et Pablo Garcia Linares qui me furent d’une grande aide lors de
la réalisation du masque de lithographie pour les cellules Il1-V, ainsi que Laura Vauche, Cécilia Dupré,
Franck Fournel et Elias Veinberg-Vidal. Je remercie aussi Kévin Louarn du LAAS pour nos nombreux
échanges sur les jonctions tunnel, Konstantinos Pantzas du C2N pour son soutien et ses conseils, mais aussi
Christophe Longeau du GeePs pour son aide sur I’EQE, Jérémy Barande dont la passion est communicative, et
Sandrine Tusseau-Nenez, Robert Cortes et Fouad Maroun pour nos longues discussions XRD.

1b:¢



Pendant ces trois années, nous avons pu déposer un projet au synchrotron, et avons eu I’immense opportunité
de pouvoir s’y rendre pour une semaine intense de manipulation. Je remercie tout particulierement Cristian
Mocuta dont I’aide et la disponibilité furent précieuses autant pour la rédaction du projet que pour la
réalisation des mesures une fois sur place, mais aussi tous ceux -que j’ai déja cités- avec qui j’ai pu vivre cette
expérience inoubliable: Ludovic Largeau, encore une fois notre expert - et prof- en diffraction, Nicolas
Vaissiere et Clément Lausecker (un jour notre chanson du synchrotron verra peut-étre le jour!), Jean
Decobert, Stefano Soresi, Claire Besancon, et Konstantinos Pantzas. Merci a tous pour cette aventure riche et
intense scientifiquement, entrecoupée de pauses sportives et musicales.

Enfin, je n’oublierai de citer ceux avec qui j’ai pu continuer a passer des moments en dehors du cadre de la
thése, en commencant bien évidemment par ma famille et mes amis (Nigois, Parisiens, Grenoblois...). Je
remercie aussi tous ceux que j’ai pu cotoyer sur le Plateau de Saclay: la communauté des anciens Phelma qui
envahissent Palaiseau, mais aussi toutes les nouvelles rencontres que j’ai pu effectuer grace au cadre de ma
thése. Je pense notamment 1’équipe de foot « Los Torpedos » pour notre coupe ramenée de la Total Cup et les
incroyables souvenirs. Julien, ¢’est surtout la que je dois t’adresser mes remerciements, pour ta sympathie et ta
motivation sans fin, a Valence, ou a tout autre évenement qui a pu suivre. Idem pour Sergej, que je suis ravie
d’avoir appris a connaitre en dehors des Algecos. Je remercie aussi I’équipe du LPICM, en espérant vivement
que vous battiez ENFIN enfin I’Onera en demi-finales. Je n’oublierai évidemment pas tous les autres thésards
et étudiants du plateau de Saclay qui ont rendu la vie a Palaiseau (et au Shamrock) si agréable: les thésards de
I’Onera (et la parfaite synchronisation de nos théses avec Alice), ceux de Sup’Optique, les équipes étudiantes
de rugby et de foot Polytechnique/Supop/Ensta, les potes de la «team Zopal », et enfin les
musiciens/cuisiniers/gamers de Thales (Simon, Clément, Gaélle, Céline et Louise).

Merci a tous, et bonne lecture

Gwen



Xi



Content

Chapter I: Introduction

L1, PV EECHNOIOZIES ..cenetieeiiieeieecteeete ettt et tee et e s e te e s ae e e s ae e s s saee e saeeessaeessssaesssaeessseeensseesnnees 2
L1.1. INErOAUCHION c...eeiiiieciieeete ettt ettt e e st e e st e e s st e e ssaeesssaeesssaeesssaessssaessssaenn 2
I.1.2. Overcoming Shockley-Queisser limit: multi-junction solar cells (MJSC) .....ccccceervveerrreernnnenn. 4
[.1.2. Multi-junction SOlar CellS: TEVIEW.......ccivvuieiriiieiiiieiiitesrteeerte e sreesrateesaeeesaeeesareeessaessssaessaneens 6

L.2. Integration of III-V With Si.....c.cooriiiiiiiiiiiierertecte sttt et e e s sae e e s ae e e sae e s saaa e s aeas 7
I.2.1. Motivations for the integration 0N Si.......cccccceeeiuieriiiieiiiieecieeectee e sre e e re e e eaeeeeaaee s 7
I.2.2. Main challenges of integrating III-V ON Si .......cccceeeviiiiiiiieiiieeccieeceeeeeeeseeeevee e e e sveeeevee s 8

L.3. Integration approaches for ITI-V on Si Solar CellS .........ciuviiiriieieiieiiiieceieecciee e eeeeeecee e vae e 11
1.3.1. Epitaxial aPPrOAChES .......ceccviieeiiecieecee ettt ettt e e rte e e s ae e s eae e e aeeeeaaeeesaeeesaeeensaeens 11
1.3.2. Non epitaxial methods (BONding)........cc.eeccieieiieieiieieieeceeee et ree e ae e e veeeeaaeeas 15

I.4. An innovative approach for ITI-V/Si integration .........ccccccceeevieerriieeniiieeniieeneeeneeesreeesveeessveeenns 16
[.4.1. IMPETUS project: PrinCiple........cooueaierieiieeieeieeeteeee ettt e et e s 16
I.4.2. Realistic simulations of IMPETUS tandem solar cell...........ccccuviiieiiiieieciiieeeeceeeeeeeeeeee 17

I.5. Building blocks and outline of this PhD ........cccccoiviiiiiiiiiiiiiiiiicciecciecctecsee e sve e 19

Chapter II: Low Temperature PECVD epitaxial growth of Si(Ge)

I1.1. PECVD and characteriZation TOOIS .........coouvevvuveeieeiiiiiiiiieieeeeeceeeesinreereeeeeeessssssseeeeesesssssnsssneees 24
I1.1.1. Epitaxy using low-temperature PECVD.........ccccoiiiiiieiiiieeiieecereeceeecee e cveeeeveeesvee e aee s 24
I1.1.1.1. PECVD: PIINCIPLE ..cneiiiiiiieeteeee ettt ettt et st ne s 24
I1.1.1.2. Presentation of the two reactors USed ...........eeeeecuieeiieeiiieeeeceeeeeecee e e 25
I1.1.1.3. Low temperature epitaxy by PECVD: OVEIVIEW......cccceriuiiiieriieniienieeeeeeeeee e 26
I1.1.1.4. Epitaxy: standard growth mechaniSms..........ccceeveeiiiriinnienienieeeeeeeeeee e 27
I1.1.2 Material characterization..........cocccvuiieeiciieeiicreecccciee et e e e e e e eeee e e e s saae e e s s eaaaeesssanaeeesnnns 28

| 05 000 TR 1111 0T} 01 ] oy 2 OSSP 28
I1.1.2.2. X-Ray AiffraCtion......cccviieiiieieiiecieeceee ettt ere e e e e s aae e s e e e aae e e e saeeesesaesnnneean 29
I1.1.2.4. Other characterizations mentioned in this manuscript.........cccceeevueeeieeiieeriecceeeececeeen. 33
II.2. Low-Temperature Epitaxy of Si and SiGe by PECVD .......cccccoiiiiiiiiiiiieiieeeeeeeeeeeeeeeeee 34
I1.2.1. GIOWED PATAIMELETS ....eiivieieiieiiiieeeieecete et e st e st eeste e s staeesstae e s saeessaeesssaeesssaeenssaesnsseesnnes 34
I1.2.1.1. Silane/hydrogen dilution...........ccceeeerieerieniireeeece ettt e 34
I1.2.1. 2. Surface cleaning of Si SUDSITAtES.......ccevvviiiiiiiiiieecciecrrt e sre e e s 35
II.2.2. Effect of annealing on a 1.5 pm thick epi-Si layer: structural analysis .........ccccceveereeneennee. 37
I1.2.3. Towards thick €Pi-SilaYers .......ccccuieieeiiiiiiiieeccce et e e e eree e e e aa e e s e aeaeeeeanes 41
I1.2.4. SiGe: material CalIDTation .......ccceeveieiiiiieiiiiieieee e eeerrrreeeeeeeeeeesssrereeeeeessessnnseneses 46
I1.2.5. THICK SiiixGey ceeeuiiiiieeeiieee ettt ettt e e et e e e s e saee e e e s eaeesessssaeesssnsaaesansssaeessnsssaesennnns 48
I1.2.6. Strain relaxation IN Sio.75G€0.05 «eeeerrreeeeerrrrereriiireeeeriireeeeeirteeeeeerseesssssreeessssssessssssseesssssssessnnnns 50
I1.3. Solar cell fADTICATION .......uviiieeiiiieeceee et eeeere e e e et e e e e e eae e e e e aaee e e e naaee e e e nnaaeeennnes 54
I1.3.1. Fabrication process and electrical characterization tools ..........cccccceeevieeriieeniieenieeenieeenee 54
I3 1.1, PrOCESS .. eieiittitieeee e eeeettttree e e e e eettttaa e e e e eeeettaassasaeeeeeessasssssnsssesesesesssssnsssssesesssssssnnsnesasaens 54
I1.3.1.2. Electrical characterizations...........oiccciiieeeciiieeececiiee e eeceeee e e e e e e e eaeeeeenaee e e e naaaeens 55
I1.3.2. Si and SiGe heterojunction SOlar CEllS..........uiiruiiiriiiiiiiiiieieecre e e 58
I1.3.2.1. Effect of annealing on a 1.5 um thick epi-Silayer........ccccceeeviieereciieiieciiieeeceeeecree, 58

X11



I1.3.4. Towards thicker abSOTDETS ......cccc.uiiiiieiiiieeceeeeceee e ae e e e raa e 61
I1.3.5. c-SiGe heterojunction SOlar CEIIS ........ccciirriiiirriieiriieerieeeteeer e e eaee s 62
I1.4. Conclusion and PETSPECLIVES......cccuterrieerrieeriieiriiereitteseittessreessteessreeesseesssseessssesssssesssssesssssesns 68

Chapter III: PECVD heteroepitaxy of Si on GaAs

TI1.1. GTOWLER Of ST 01 GAAS «evvvveiieiiiieeiteeeeee ettt e e e e eessbae e e e e e e essssassaaeeeeeesssssssssseeseessesssssnnssnrees 70
ITI1.1.1. Substrate Cleaning.........ccccooeeeiueeiieiieee ettt s e st et e s s e s ne e e s e ne 70
I11.1.2. Si heteroepitaXy ON GAAS......cccccverriuiereiiiereitereieeseteeesteesssteesssseesssseesssaeesssaeessssesssseessssesssnees 71

II1.2. Growth of Si on GaAs: study of the early Stages........cceevuierrieiiiiieiriiieriecetecreeee e 72
I11.2.1. Grazing Incidence X-ray Diffraction .........ccccoevueerriiiiiiiieiniiieriecctecceecee e 73
I11.2.2. The role of RYATOZEN .....eeiveiiiiiiiiieeeeeeece ettt se e e te e e s ta e e aae e s ae e s e 76
II1.2.3. Effect of thermal expansion mismatch ..........ccceeeiiiiiiiiiciiiicceeeeece e 77
II1.2.4. Discussion on growth mechaniSImsS..........cccviecieeriieeciiieceieeecteeccteeeeaeeeereeesreeeeaaeessaeenens 80
I1I1.2.5. Conclusions and PEISPECLIVES ......ccueeecuiereiiieeeiieeeieeeeteeeeteeesaeeessaeeessaeesssseessseessssesssseessnees 81

I11.3. Effect of PECVD 0N dOPEA GAAS ......uveeereeeeiieeeiteeeiteeeeiteeeeteeesteeessaeeessseesssseessseessssessssesssssesnnns 82
) 00O T8 B ] 0\ = (o) o =TSR 82
II1.3.2. Doping level profiling: ECV measurements............ccecceeeueereenreerneenseeeseeseesseeeseeesneesseeenes 83
I11.3.3. Doped GaAs exposed to Ha Plasma:.......coceerieeiiiinieiiienieerceeeee ettt 84

| R T 0703 Te) 15 ) (o) o TS 87

Chapter IV: Tunnel junctions

)Y/ TR 601 (o 16 10Tt (o) o VRNt 90
IV.1.1. Tunnel jJunctions: PrinCiPIE......c.ueeccieeeiieeeiieecieeeeie e et e eeteeeereeeereeeraeestaeessaeessseesnsseesnnnes 90
IV.1.2. LItEIatUIE OVEIVIEW ...ccvvvivieieiiiiiieeieieieireeieeeeeeeerereereeersereeesesesrsssssssssrsrsrsssssssssssrsssssssssssssssssssse 93

IV.2. MOVPE and clean room facilities ..........cccuieieeiiiieiceiiieeccciieee et eecaee e e e aee e e e aaee e e e 94
IV.2.1. Metalorganic vapor phase ePitaxy ......cccceeeeeerieeeriierierrieeniee ettt et e st 94
IV.2.2. Clean room microfabriCation ...........ccccuieieeiiiieieeiie e et e e eecree e e e e e e aaee e e nnaeeeeanns 96

IV.3.1. Tunnel junctions: first STUAIES.......ccueireieiiiiiiiiieieecitecie e e e se e e see e e sbaessraeenns 97
IV.3.1. GaAs/GaAs first tunnel JUNCHONS .......cceiieiiieiiiieccieecctee e re e re e ae e e ae e e ae e e 98
IV.3.2. Transparent tunnel JUNCHONS . ........eiiieiiiiieiiciieeecceee e e e sre e e e seeae e s e saaee e e s anaeeans 100

IV.4. Calibration of n-doping With Te..........ccccuiieiiiiriieiecieceee et eere e cre e e rere e s vee e s aae e veeesnaeeas 102
IV.4.1. A new precursor in the 1ab: DIPTE ........ccccciiieiiieeciieeciieecree e e eceeeeevee e e cvaeesaeeesaeeessaeeenns 103
IV.4.2. Parametric SEUAIES.......uueiieeiiiieieeciieeeccciteeecetee e e et e e e e tte e e e e aaeeeeeenaae e e s ssaaeesennsseesennnsaaenns 103
IV.4.3. Effect of the buffer deposition temMpPerature...........ccceecveeeiieeriieeniieeeieeeeeeriee e e e sreeens 105
IV.4.4. Growth of ternary COMPOUNAS ......ccc.eerteruerrierrieeiteeieerte e este et e sreesreesaeeseeesseeseeesneenas 110

IV.5. Characterization of tunnel junctions doped with Te.........cccoviiriiiiiiiniiniiieeeeeeeee 111
IV.5.1. N ON P tUNNE] JUNCHOMNS ..ottt ettt ettt e st e s e et e s neene 111
IV.5.2. p on n tunnel junctions: importance of ohmic contact ..........ccccceeeevveeeieccieeeieccieeeeeeeeeee 113

IV. 6. Towards hybrid tunnel JUNCHONS .......ccovviiriiiieiieiieeteetee et sre e e aeeea 115
IV.6.1. N-tyPe C-Si With PHa...uvviiiiiiiiccceeeeee ettt ettt e e s tae e e s e aae e s s aaa e e e e naaeeaeas 116
IV.6.2. p-type €-Si With TIMB.....cooceiiiiieeieeeeceee ettt e e e ere e e e s eae e e e s aaee e s e aaaeeessnaaaeanns 117
IV.6.3. Characteristics of hybrid tunnel JunCtions..........ccoceevieeieriieniienreeeeee e 118

IV.7. CONCIUSION ....utiieieiiieeeceitee et eectte e e eectte e e e tteeeeeetaaeeeeeessaeeeeesseeeeesssseesassaseesensssaesenssseaennnns 120



Chapter V: III-V processing and bonding: towards inverted metamorphic tandem
solar cells

V.1, AIGAAS SOIAT CEIIS.....uuiiiiiiiieiieeeiteecte ettt ettt e e ste e e te e e s ae e e tae e s taeesssaeesssaeesssaeesssaesnsseesnsseennn 122
V.1.1. AIGaAS SOIAT CEIl STTUCIUTE .....vveeeeieeeiieeeiieecteee e et e et eete e eeee e e eeaeeeeaae e s staeesaaeesssaeesneeas 122
V1.2, GTIA ESIZIN ceeniiiiiiiieiiieeieeecte et eete st e e st s st e s s te e s s abe e s ssbeesssseesssbaesssaaesssaessssaessssaesssseenn 124
V.1.3. Photomask SEt deSIZN....cccuiiiriiiiiiiiniieirieieitecee sttt sttt et e e s e e e s sraeessaeesasaesssseeas 126
VA 0% T 3721 03 (o7 | 6 (o) o NP USSR 126
V.1.5. SOIAr CEll CharaCtEIISTICS . uuurrrrreieeiieiiiirieeeeeeeeeeiirereeeeeeeeesirreaereeeeeeesesnrrasereeeessesssssssreeeessens 129

V.2. Bonding of a ITI-V SOLAT Cell .......ciiruiiiriiiiiieiieeeieeeteeste ettt sre e s sare e s saaeesaa e e sanaes 131
V.2.1. BONAiNgG FEQUITEIMENTES. ......veiiiiiieeiieeeieeecieeeeteeeceeeesteeeeveeesaeeseteesssseesssseessssesssssesssseesseeens 131
V.2.2. Bonding With BCBi........ccooiiiiiiieiieecieecteseee et st e ssee e s steessaeesssaeesssaeessvaeesssaessssneensseean 133
V.2.2. Bonding of an inverted GaAs Solar Cell...........cocvieieiiiiiiiiieciiecieeccree e e 134

V.2.2.1. Process flow: issues and suggested improvements ..........ccccceeeeeeveeeeeeesseeenceeeessveeesneens 136
V.2.2.2. Electrical CharaCteriStiCS ....uuuueiiiiiiiiriiriiereeieeeeiiirrrereeeeeeeserrereeeeeeeessennsreeeseeesssesnssaneses 140

V.3. BONding Of Si/GaAS SLACKS ....eeieviiieiiiiiiiiiiieeecieeete et este e ste e e st e e saeeesaaessssaeesaaessssaessssaesnns 142
AVA TS T 0) 0113 7 1o (o) s 1< FUU USSR 142
V.3.2. Strain iNAUCEA DY Si.....ccoviiiiiiiiiieiriecrtecrt sttt ssre e s srae e saa e e s saaeesaaeesssaessssaean 144

V.3.2.1. Reciprocal Space MaPPINg ......cccccveervueerniieeriiieeniieeenieessteessseesssseesssseessssesssssessssesssseens 144
V.3.22. CUIrvVatUre MEaASUTEINIENES . evuuueieieieeeerrtieeerrtnneeereeneeeeresneeeersssnesessssnesessssnesessssnesessssnnsessns 145
V.4. CONCIUSION & PEISPECTIVES. .. ueeierieieiieeeiieeeieeeeteeeeteeesteeesteessereessaeessaeesssseessssessssssessssesssseeanns 149

General conclusions and Perspectives ......ccccceeceeininiinicniinicnieniinienienicnienicsicsescscenees 151
List Of PUDLICAtIONS ..vvuieiiiiniieieiiniecreiecreiecrcestecsssecsssecsssessssecsssessssessssessssessssessssessssesssl55

Xiv






List of Acronyms

Acronym Unit Definition

a, Out-of-plane lattice parameter

a/) In-plane lattice parameter

AFM Atomic Force Microscopy

ARC anti-reflective coating

As, P Arsenide, Phosphorus (group V)
a-Si:H Hydrogenated amorphous silicon
BCB Benzocyclobutene

BSF Back surface field

c-Si c-Si crystalline silison

CTE Coefficient of thermal expansion

CPV Concentrator PhotoVoltaics

DETe DiEthyl-Telluride

DIPTe DIPTe diisopropyl telluride

FF % Fill factor

FWHM Full width at half maximum

Ga, In, Al Gallium, Indium, Aluminium (group III)
GI-XRD Grazing Incidence X-ray diffraction
HR-XRD High Resolution X-ray diffraction

IBE Ion Beam etching

ICP Inductively Coupled Plasma

ITO Indium Tin Oxide

Jpeak A/cm?2 Peak Tunneling Current

Jsc A/cm?2 Short-circuit Current

J-V Current Density versus Voltage

MBE MBE : Molecular beam epitaxy

MJSC Multijunction Solar Cells

MOVPE Metalorganic Vapor Phase Epitaxy
Nett cm3 Effective Doping Level

PECVD Plasma-Enhanced Chemical Vapor Deposition
PV Photovoltaic

RIE Reactive Ion Etching

RMS Root Mean Square

Rs Q Series Resistances

Rsh Q Shunt Resistances

RSM Reciprocal Space Mapping

RTA Rapid Thermal Annealing

sccm scem : Standard Cubic Centimeters per Minute
SEM Scanning Electron Microscopy

SIMS SIMS : Secondary Ion Mass Spectrometry
Surfactant Surface Activating Agent

TDD cm-2 Threading Dislocation Density

TJ Tunnel Junction

TMB Tri Methyl Boron

Voc A% Open-Circuit Voltage

pc-Si:H Hydrogenated microcrystalline silicon

XVl



xvii



List of Figures

Figure 1.1 - a) Incident spectral irradiance from the sun for terrestrial applications (AM1.5G and
AM1.5D) and space applications (AMo). b) Schockley-Queisser limit: maximum theoretical
efficiency of a solar cell as a function of its bandgap, along with the best experimental efficiencies ...2
Figure 1.2 - NREL chart with time evolution of best research cell conversion efficiency for different

EECHNOLOZIES ...ttt ettt ettt et s sttt s e s e st et e s e s eas st et e s sae et et et eaeseae st teneneas 3
Figure 1.3- AM1.5G spectrum and the fraction theoretically converted by a) a Si solar cell, b) a triple
junction GaInP/GaInAs/Ge (from Tef 9)...cc.uiiiiiiiciieeiiecteeee ettt e e e e e e e ae e e ae e e saaeeens 4
Figure 1.4 - Theoretical maximum efficiency of a multijunction as a function of the number of
junctions, along with the corresponding bandgaps (NREL) 1 .....ccccoiiiiiiiiiiinienenreeeeeeeeeeeeeeeeens 5
Figure 1.5 - Bandgap versus lattice constant at room temperature for various materials including Si,
G, GAAS. .ottt ettt ettt et et a et et h e bt e a e e a e b et e e a e bt et e e at e bt et e e Rt e bt et e eat e bt et e et enne e beeaten 6

Figure 1.6 - a) Theoretical efficiencies for a tandem junction as a function of top cell and bottom cell
bandgaps, when connected in series b) Theoretical efficiencies for a triple junction as a function of

top and middle bandgap subcells. (Connolly et al. 18) ........c.ceecviiieiiiieeciieecieecee e eeve e e eaee e 8
Figure 1.7- Schematic illustration of (a) lattice-matched, (b) strained and (c) relaxed hetero-
epitaxial structures. (b) and (c¢) are shown in case of asubstrate < Alayer (22) cevveeerrreeerrreeeireeessrreessreeeesneeeenns 9

Figure 1.8 - (a) Mechanism of APB formation during the growth of zinc blende structure on
(100) non polar surface presenting single-atomic high step, (b) Growth of a single domain zinc
blende structure on a (100) non polar surface presenting double-atomic high step (from

Freundlich 23) (c) lattice constant of GaAs and Si as a function of temperature..........ccccceeevvveereneenne 10
Figure 1.9 - minority carrier lifetime in GaAs as a function of threading dislocation dislocation
denSity (ANATIE €1 Al 20) ...ccuiiiiciieecieeccee ettt erte e et e e te e e e ste e e teeesraeesesaee e aaeeesaaeesaeeensaeennsaeennseaanns 10
Figure 1.10 - TEM analysis of a) direct growth of GaAs on Si (Luxmoore et al. 3°), b) SiGe graded
layers (Andre et al. 37) (c) GaP buffer layer (Lang et al. 39) .......cccceevveervieeiiieeniieerieeneeesreeeseeeesaneenn 12
Figure 1.11 - Bandgap versus lattice constant for Si, Ge, and III-V compounds. Arrows indicate the
possible pathways for integrating ITI-V on Si. (Bolkhovityanov et al.) ......cccccceeveerieeniiennennienseeneene 12
Figure 1.12 - Bandgap versus lattice constant including dilute nitride materials ..........cccceevueeeeneenne 13
Figure 1.14 - Summary of epitaxial pathways for integrating GaAs on Si, their advantages and
challenges, and the best solar cell efficiencies reported.........ccceeveeeevieeeciieeciieeecreeeee e 14

Figure 1.14 - a) Design of the four-terminal GaInP/GaAs//Si triple junction solar cell with 35.9 %
efficiency (Essig et al. 5°) b) Design and process flow of GaInP/AlGaAs//Si triple junction wafer-
bonded solar cell with 30.1% efficiency (Cariou et al. 47) .......cccoveeeeieeeciieeee e 15
Figure 1.15 - Principle of the IMPETUS project. AlGaAs is grown on a GaAs substrate by MOVPE,
followed by a tunnel junction and crystalline Si or SiGe grown by PECVD below 200 °C. The
structure grown is then transferred to a low-cost carrier, the substrate removed, and the device is
fabricated by standard clean roOIM PrOCESSES. .....cc.ceruerrierrierrteeieerteetee et see et et e et e e s eeesneeas 17
Figure 1.16 - a) Details of the simulated tandem solar cell b) External Quantum Efficiency (EQE) of
current-matched AlGaAs/Si tandem solar cell with thick Si (full symbols) and thin Si (open
537211 070 ) 1SR USSR 18
Figure 1.18 - Maps of tandem cell efficiencies simulated for different combinations of top base
Aluminum compositions and bottom base thicknesses: (a) for a bottom cell in epi-Si and (b) for a
DOttOM CEll N €PI-Si0.65G€0.27 veeerrrerrerrerrrieiiiiieeiieeesiteeesiteeesseessaeesseeesssseesssseesssseesssesesssessssseesssssessnnes 18
Figure 1.18 - Different building blocks of the tandem solar cell............cccccovvieeiiiniiniinniniinieeeene 20

xviii


file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526596
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526596
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526596
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526597
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526597
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526598
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526598
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526599
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526599
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526600
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526600
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526601
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526601
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526601
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526602
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526602
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526603
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526603
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526603
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526603
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526604
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526604
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526605
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526605
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526606
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526606
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526607
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526608
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526608
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526609
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526609
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526609
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526610
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526610
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526610
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526610
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526611
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526611
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526611
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526612
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526612
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526612
file:///C:/Users/Gwenaelle/Documents/10_Manuscrit/MANUSCRIT_V1/Versions%20Finales/Thesis%20Hamon%20Fusionv3.docx%23_Toc498526613
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Chapter 1

In this introduction chapter, we present today’s new challenges in photovoltaic technologies for
reaching high efficiencies. We focus on the multi-junction solar cells (MJSC), and the main
laboratory records up to now. We then present the various approaches for fabricating tandem solar
cells using a Si subcell: growth of III-V on Si substrate, bonding of the 2 subcells... Among the
various pathways that are explored in literature, we present the innovative approach of this PhD
thesis, its advantages, and its challenges that are the subject of this manuscript.

I.1. PV technologies

[.1.1. Introduction

Since the very first silicon solar panel manufactured by Bell Labs in 1954 that reached 5 % efficiency,
lots of progress have been done in the photovoltaic (PV) field. Silicon-based technologies have
always been and remain the most important player of the PV industry. In 2015, 93 % of the total PV
production comes from Si-wafer based PV technology. The efficiency record for c-Si solar cells has
not substantially evolved since the 90’s, but the drastic cost reductions due to mass production and
technological improvements led to a strong and cheap industry, and an energy that starts being
competitive with conventional energies. While nowadays, efforts are still done to improve Si cells
efficiency by minimizing the shadow losses due to front contacts and reducing the surface
recombination losses, the technology has almost reached its maximum theoretical efficiency. The
most recent record reported is of 26.7 %2 under AM1.5G, approaching the 29% theoretical maximum
efficiency stated in 1961 by Shockley and Queissers. AM1.5G is a reference used as a standard
irradiance to compare terrestrial solar cells and modules. It corresponds to the terrestrial sun
irradiance at an angle elevation of 48.2°, as depicted in Figure 1.1.a. The atmosphere at this
elevation absorbs and scatters the solar radiation, and attenuates the solar spectrum to an
irradiation of 1000 W.m2. The AM1.5 Global spectrum is designed for flat plate. The AM1.5 Direct
spectrum is defined for solar concentrator work. It includes the direct beam from the sun plus the
circumsolar component in a 2.5 degrees disk around the sun. The AM1.5D spectrum has an
integrated power density of 900 W.m=. AMo is the convention for spatial applications. The solar
power density in space is roughly 1350W.m=2. In this work, we will mainly use the AM1.5G spectrum.

a) B R R T L R R B
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Figure 1.1 - a) Incident spectral irradiance from the sun for terrestrial applications (AM1.5G and AM1.5D) and
space applications (AMO0). b) Schockley-Queisser limit: maximum theoretical efficiency of a solar cell as a function
of its bandgap, along with the best experimental efficiencies
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Chapter 1

However, when commenting the cells manufactured for spatial application, AMo will be used.
Shockley-Queisser (SQ) limit is illustrated in Figure 1.1.b. It shows the maximum theoretical
efficiency as a function of the material bandgap. The best experimental single-junction solar cells are
reported on the graph. It shows that solar cells with a bandgap between 1 and 1.5 €V are theoretically
well suited for high efficiency. This includes Si, GaAs and InP materials. Experimental solar cells are
still way below their theoretical efficiencies, mainly because of issues due to series resistance,
contact shadowing, or parasitic recombination.

The evolution of the record conversion efficiency of solar cells since 1975 up to now is pictured in the
NREL chart* Figure 1.2. Silicon technology is plotted in blue. Many new technologies are being
explored, such as the promising perovskites, or thin film technologies (CIGS, CdTe, amorphous
Si...). Thin films are now getting close to 25 % energy conversion efficiency, but the drawbacks of
these materials remain their scarcity, and in some case their toxicity. Perovskites show a spectacular
progression rate, but are limited by their stability over time and light degradation.

1.1.2. Overcoming Shockley-Queisser limit: multi-junction solar cells (M]JSC)

Figure 1.3.a. shows the AM1.5G spectrum irradiance of the sun, along with the part of the spectrum
that is actually absorbed by a Si single solar cell. Shockley-Queisser limit is explained by two main
types of losses. First, the transmission losses, that corresponds to the photons for which Si is
transparent. All the photons with energy lower than the semi-conductor bandgap energy (i.e. a
higher wavelength) will not be absorbed. Second, the thermalization losses are due to the photons
that have a too high energy compared to the bandgap, and thus dissipate the extra energy into heat.
In order to overcome the Shockley-Queissers theoretical limit of a single junction from, several
concepts have been proposed, such as the use of intermediate band and hot carrier solar cells. But
one of the most efficient concepts to go beyond the 30 % limit is the multi-junction solar cell
(MJSC)°. Concentrating the light on a solar cell by adding lenses could lead to even higher
conversion efficiencies. MJSC consist in using several absorbers with different bandgaps. The
highest bandgap cell (i.e. the most transparent) is placed on top of the smaller bandgap solar cells.
That way, each solar subcell is dedicated to harvest one part of the solar spectrum, thus minimizing
the thermalization®. As an example, Figure 1.3.b. shows the AM1.5G solar spectrum along with the
part of the spectrum that can be absorbed by a triple junction GaInP/GalnAs/Ge. The transmission

a) b)
1500 | l;‘”mm\ | AM1.5 spectrum 1500 -| ":L“"k\. .\ ‘:l AM1.5 spectrum
~ ) B si(1.12ev) ~ Y Bl GainP (19 ev)
| | |‘
p ‘.;Hp‘ Thermalization *i‘ ﬂ B GalnAs (1.4 ev)
f Bl ce07ev)
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Figure 1.3- AM1.5G spectrum and the fraction theoretically converted by a) a Si solar cell, b) a triple junction

GalnP/GalnAs/Ge (from ref °)



I. Introduction

losses are lowered due to the use of Ge which has a lower bandgap than Si (0.67 eV instead of 1.12
eV). Only the photons with energy below 0.67 eV will be transmitted. The thermalization losses are
reduced thanks to the sorting of the photons by their energies. First, the photons of energies above
GalInP bandgap (1.9 eV) will be absorbed by the first subcell. Then, the photons with energies above
1.4 eV will be absorbed by the GalnAs subcell, and finally, Ge will absorb the rest of the photons with
energies above its bandgap. Thus, it is not likely that a high energy photon (> 1.9 eV) reaches the Ge
subcell and thermalizes.

Two main ways of connecting the subcells can be distinguished: the two-terminal approach, and the
four-terminal one. In the two-terminal stacking, the subcells are connected in series, and the current
is collected only at the front and at the back of the solar cell. In this configuration, the two subcells
are electrically connected in series, by means of tunnel junctions (TJ). TJ are highly doped p-n
junctions that will allow the carriers to flow from one subcell to the other by tunneling effect. TJ
should be as transparent as possible, thus very thin (a few tens of nanometers), with the highest
bandgap. As the subcells are connected in series, particular attention needs to be paid on the current
matching. Indeed, if a subcell has a smaller current than the other, it will limit the whole multi-
junction solar cell current. Thus, the bandgap and thickness of each subcell has to be carefully
adapted in order to obtain the best current matching, leading to the best efficiency. Furthermore,
this approach requires a monolithic integration of the materials. Thus, the crystalline lattice-
matching of the materials is another important issue, which will be discussed in the following
sections. In the four-terminal approach, the carriers generated by each subcell are independently
collected. It allows a wider choice of materials, because it allows stacking materials with different
lattice parameters without introducing losses due to dislocations. However, it requires the addition
of a conductive layer in the middle of the

solar cell, which will add some AM1.5D, 1000x, 300K

absorption losses. Recently it has also S 60 —
been proposed to perform three- < Efficiency I ]
terminal multi-junctions’. o 55 5 5 Ly I
C SRS ST S SO S -
g Ve s
Theoretically, the more subcells with L 45— i E e e —
different bandgaps, the higher the © I A— L RS SN — i
fefflcu?ncy. For 1nf1n'1te nurr}ber of o ® series
junctions, the theoretical efficiency of o _ . m 4J series+1J
multi-junction  solar cells reaches % C : :
86.8%° 0. Figure 1.4 shows the 55 . F|Band gapsl
theoretical efficiency as a function of the b % 2 » | ¢ ®
number of subcells, along with the % (o) ! ¢ ; 0 :
S =2 ; ! ' :
bandgap combination to reach such c , _____________ - ‘ ‘ ____________
. . @© i :
efficiency (from an NREL lecture™). A 4- o) - T ¢ ¢
=

junction solar cell can theoretically reach ) 5 3 4
- o . .

an efficiency above 55. %, we must find number of junctions

the adequate 4 materials that have the

right 4 bandgaps. But in real Figure 1.4 - Theoretical maximum efficiency of a multijunction

configuration, materials with different as a function of the number of junctions, along with the

bandgaps do not necessarily have similar ~ corresponding bandgaps (NREL) **

lattice parameters.



Chapter 1

Figure 1.5 shows a list of available materials, with their lattice parameters and their bandgap,
including the main III-V alloys, as well as Si and Ge. One can notice a wide disparity in bandgaps
and lattice parameters. We see that Ge is almost lattice-matched with GaAs, hence the use of Ge as a
substrate for most multi-junction solar cells based on GaAs family compounds. By following the
vertical line between GaAs and AlAs, the AliGaixAs family allows tuning the bandgap, while
remaining almost lattice-matched with GaAs and Ge. However, most of the other materials have
their own lattice parameter. Lattice-mismatch induces dislocations, grain boundaries or other types
of impurities, that will highly reduce the efficiency °.

45 F 5
E Ly T = 300K - A5G |
40 F . o Zinc blende :
S - ZnS :
3 35 | MgTe E
P 30 E - r'Va”ey - 400 =
2 | — X-valley =
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© )
O 15 “ CdTe 800 2
e |
2 . f 1000 =
“ -
@ L 2000
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00 “Hqle .
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. : 2
Lattice Parameter, a (A) Irradiance (W/m#-nm)

Figure 1.5 - Bandgap versus lattice constant at room temperature for various materials including Si, Ge, GaAs.

Most of the research has been focused on the growth of lattice-matched materials, which are the
easiest to manufacture. The very mature industry of high quality of III-V materials along with their
strong absorption due to their direct bandgap gives to this type of materials the best properties for
MUJSC. It is also possible to use lattice mismatched materials by means of wafer bonding, or by using
buffer layers. These technical paths are discussed in the following part.

1.1.2. Multi-junction solar cells: review

Multi-junction solar cells based on III-V materials hold the highest efficiency record. They
correspond to the purple data plot in the NREL efficiency chart presented in Figure 1.2. It is the only
technology that reached and overcame 30 % of efficiency. For example, 3-junction solar cells
efficiency has increased by about 1% absolute per year since 2002. The graph also shows how using
concentrating photovoltaics can boost the conversion efficiency of a III-V MJSC. The last 3-JSC
record at one sun is reported to be 37.9 %2, while under concentration (302 sun) it reached 44.4%?.
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I. Introduction

This latest record uses an inverted metamorphic triple junction of InGaP/GaAs/InGaAs. 4-junction
solar cells from NREL reached 45.7% for a monolithic GaInP/GaAs/GalnAs/GalnAs®, and was
recently overpassed by Fraunhofer ISE/CEA/Soitec that reached 46.0 % by bonding monolithic
GalnP/GaAs with monolithic GalnAs/GalnAs's. The record multi-junction solar cells are gathered in
Table 1.1. In terrestrial and space industry, the most widely manufactured triple junction is grown
on a Ge substrate. Among the commercialized MJSC, the record is held by Spectrolab with an
efficiency of 41.3% under 364 suns®. It consists of a lattice matched GalnP/GalnAs/Ge solar cell
grown on a Ge substrate by metalorganic vapor phase epitaxy (MOVPE). GalnP and GalnAs are
lattice-matched with Ge, leading to a high quality III-V material. The bandgap combination is
however not optimal, as the Ge cell generates more current than the two upper cells, but it remains
the easiest MJSC to produce for concentrator photovoltaic (CPV) applications. The use of
concentration not only enables to enhance the efficiency of the cells, but also to reduce their size,
thus the amount of material needed to harvest solar energy. However, in addition to the high price
of Ge or GaAs substrate and of deposition and manufacturing of the cell, the optics and tracking
systems are also quite expensive’. Thus, multi-junction III-V solar cells under concentration hold by
far the records in efficiency, but remain very expensive. That is the reason why alternative ways of
manufacturing high efficiency solar cells at lower cost must be investigated. The most significant
contributors to the cost are the substrate used, which are made of Ge or GaAs. To reduce cost, the
use of a most common and much cheaper material would be required.

#Junctl Substrate Materials Approach Efficiency
(From bottom to top)

Guter Ge/InGaAs/InGaP Lattice-matched 41,1 %
3 InP Lumb InGaAsNSb/GaAs/GalnP Upright lattice-matched 690 44,1%
3 GaAs Sharp InGaAs/GaAs/InGaP Inverted metamorphic 306 44,4 %
4 GaAs NREL GalnAs/GalnP/GaAs/GalnP Inverted metamorphic 234 45,7 %
4 GaAs + InP Fraunhofer ISE+ GalnAs/GalnAsP // GaAs/GalnP Wafer-bonded 508 46 %

SOITEC+CEALETI

Table 1.1 - Summary of llI-V 3-junction and 4-junction solar cells records.(16:13:14,15)

I.2. Integration of III-V with Si:

1.2.1. Motivations for the integration on Si

The use of a Si substrate for III-V materials, together with the mature technology of Si PV industry
would considerably reduce the costs. Besides the use of a Si substrate as a non-active material, using
a Si active subcell would be of high interest for multi-junction solar cells. With a bandgap of 1.12 €V,
a theoretical efficiency over 42 % can be expected for a tandem structure. Figure 1.6.a., from
Connoly et al.*8, shows the theoretical efficiencies for a tandem junction as a function of top cell and
bottom cell bandgaps, when connected in series. Two main maxima are observed: for a bandgap
combination of 0.96eV/1.64 eV, 42.2% is expected. Interestingly, the second optimum corresponds
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to the combination of Si (bandgap of 1.12 eV) with a material that has a 1.74 eV bandgap. The
resulting tandem solar cell would have a conversion efficiency of 41.9%. Among the assumptions of
the model, it is supposed that the bottom Si cell has a quantum efficiency of 1, meaning that it
absorbs all the photons whose energy is above Si bandgap. Figure 1.6.b. shows the calculations for a
3-junction solar cell with a Si middle cell. The ideal bottom cell and top cell bandgap are found to be
1.74 €V and 0.53 eV for an efficiency of 45.4%.

While looking at the possible materials gathered in Figure 1.5, there is unfortunately no material
with a bandgap around 1.74eV that is lattice matched with Si. GaP has a lattice parameter close to
that of Si, however its bandgap is too high (2.26 eV). Thus, the integration of III-V materials with
the right bandgaps with Si is a challenging issue. While various top cell candidates have been
discussed in literature, the main current research focuses on perovskites and III-V materials.
Furthermore, lattice-mismatch is not the only practical challenge faced in III-V/Si integration.
Those challenges are detailed in the next section, together with the different pathways that are being
investigated in the field of III-V/Si integration.

;40
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06 07 08 09 1 11 12 13 14 1S 18 ’o.o 07 08 090 1 1.1 12 13 14 18

Bottom gap (eV) Middle gap (eV)

Figure 1.6 - a) Theoretical efficiencies for a tandem junction as a function of top cell and bottom cell bandgaps,
when connected in series b) Theoretical efficiencies for a triple junction as a function of top and middle bandgap
subcells. (Connolly et al. 18)

1.2.2. Main challenges of integrating III-V on Si

The research on integration of III-V on Si is has been a dream for semiconductor industry for the
past 30 years. Lots of work have been performed for various applications, such as optoelectronics
integrated circuits2® by combining the optical advantages of III-V along with the mature technology
of Si integrated circuits. Of course, the low cost of Si is also a way to produce lower cost devices such
as LED or lasers2. In the photovoltaic field, the use of Si-based multi-junction solar cell will allow
manufacturers to reach high efficiency while taking advantage of the low cost of Si, but also of their
well-established expertise in Si production. But integrating III-V on Si is not that easy for three main
reasons: first, the lattice mismatch between the considered materials, second the fact that III-V are
polar materials while Si is non-polar, and third, the difference in thermal expansion.
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Lattice-mismatch:

The III-V materials that have the optimum bandgap of 1.74 eV for a high performance tandem solar
cell have, have the same cubic structure as Si, but they unfortunately have different lattice
parameters, as deduced from Figure 1.5. Thus, growing a III-V epitaxial film on top of a Si substrate
is challenging. In the case of GaAs material family, a lattice mismatch of 4% makes the epitaxy on Si
very challenging due to the formation of defects and dislocations. Epitaxy refers to the formation of
a new single crystal on top of a crystalline substrate. Two types of epitaxy can be distinguished:
homoepitaxy, in which the grown layer is made of the same material as the substrate material, and
heteroepitaxy, in which the grown material is different from the substrate. Figure 1.7.a. from a
presentation of University of Waterloo22, shows the case of homo-epitaxy, or heteroepitaxy with
lattice-matched materials. In this case, no strain is induced, and the deposited atoms arrange
perfectly on the atoms of the substrate. Figure 1.7.b. and c. show the possible configurations in case
of epitaxy of a material that has a higher lattice-parameter than the substrate (as it is the case for
GaAs on Si). If the epitaxial layer has a larger (respectively smaller) lattice parameter than the
substrate, the layer can grow under in-plane compressive (resp. tensile) strain. Consequently, the
out-of-plane parameter will be larger (resp. smaller) to ensure volume conservation. This is called
pseudomorphic growth. However, after a critical thickness, the layer will relax into its stable
configuration by creating crystalline defects. In this case, we talk about metamorphic growth. The
relaxation of the epitaxial film induces dislocations and defects that will be responsible for a loss in
crystalline quality and of electrical performances of the resulting solar cell. But the lattice mismatch
is not the only issue in the growth of III-V materials on top of Si.

Strained

.attice matchec S e s .
Lattice matched 900090000909 Unstrained

99090 090990999

I i I
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Figure 1.7 - Schematic illustration of (a) lattice-matched, (b) strained and (c) relaxed hetero-epitaxial structures. (b)
and (c) are shown in case of agpstrate < Alayer (22)
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Polarity: growth of a polar III-V material on a non-polar Si substrate.

Growing III-V materials, which consist of a superposition of a monoatomic layer of group III atoms
followed by a monoatomic layer of a group V material, on a non-polar material such as Si, leads to
the formation of antiphase domains (APDs). This is due to the fact that a (100) Si substrate surface
does not consist of a perfectly flat surface. Figure 1.8 .a. from Freundlich23 shows the case where a
monoatomic step is found on the Si substrate. Monoatomic steps of Si are unavoidable at the surface
of a substrate. During GaAs growth, first a monoatomic layer of As is deposited, followed by a Ga
layer. Where the substrate contains a monoatomic step, it shifts the III and V steps, As covers one
monoatomic step of the Si. The next Ga monolayer will thus lead to the formation of a Ga-Ga bond
close to the step. During the growth, more Ga-Ga and As-As bonds will be formed, forming lines
called antiphase boundaries (APB). Those electrically doubly charged defects are obviously not
desired for the solar cell operation. It occurs when there is a single step on Si substrate, but not
when there is an even step, as pictured in Figure 1.8 .b. When a step is actually a two-monolayer
step, the alternation between Ga layer and As layer is respected. A solution that has been found is to
use offcut Si substrate (4° - 6 °), to force the formation of double-layer steps instead of single
layers=24.
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Figure 1.8 - (a) Mechanism of APB formation during the growth of zinc blende structure on (100) non polar
surface presenting single-atomic high step, (b) Growth of a single domain zinc blende structure on a (100) non
polar surface presenting double-atomic high step (from Freundlich 23) (c) lattice constant of GaAs and Si as a
function of temperature

Thermal mismatch:

In addition to the lattice parameter mismatch, and
the APB formation, GaAs and Si also suffer from a | P —n -
difference in thermal expansion coefficient?s. ]
While GaAs has a coefficient of 5.73x10°¢ °C, the
value for Si is 2.6x10¢ °C. As the typical growth o
temperature for III-V epitaxy is rather high (above

600 °C for MOVPE), cooling down to room %- 2.“'.,

temperature after growth will induce thermal p b
stress in the bulk heteroepitaxial layer, thus 107 — @ <o (p-type GaAs)

leading to the formation of additional defects and |7 A 7 (n-type Gahs)

dislocations that lower the crystalline quality. »

Figure 1.8.c shows the lattice parameters of Si and 101 ot 10° 10° 107 10
GaAs as a function of temperature: GaAs varies Threading Dislocation Density (cm™)

more with temperature than Si. To reduce the

g

formation of cracks, a good control of the cooling Figure 1.9 - minority carrier lifetime in GaAs as a
down is required, or to lower the growth function of threading dislocation dislocation density

temperature. (Andre et al. *°)
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Lattice mismatch combined with thermal mismatch leads to the formation of dislocations in the III-
V material. Threading dislocations drastically reduce carrier mobility, as they act as recombination
centers. Thus, solar cell performances are strongly reduced by the presence of threading
dislocations. Figure 1.9 (from Andre et al.2®) shows the minority carrier lifetime in GaAs as a
function of threading dislocation density (TDD) in n-type GaAs and p-type GaAs. It shows that for a
good solar cell operation, TDD should be kept below 10¢ cm2. In case of p-type GaAs, TDD should
even be lower than 105 cm2 to ensure good minority carrier lifetime. Thus, reducing TDD is the
main challenge in integrating II1I-V and Si. In the next section we will present the different pathways
to reduce TDD and enhance ITI-V material quality.

I.3. Integration approaches for III-V on Si solar cells

The three main challenges in integrating III-V on Si have been presented. This section focuses on
the different approaches that have been studied in literature in the photovoltaic field, along with
their advantages and drawbacks. It will deal with the epitaxial approaches and the way to avoid the
above-mentioned difficulties, but also with alternative approaches for multi-junction solar cell using
wafer bonding. The best results obtained in the photovoltaic field will be presented.

1.3.1. Epitaxial approaches

For more than 30 years, researchers have attempted to combine Si and GaAs. Many paths have
been, and are still being investigated to reduce the formation of antiphase boundaries on a (100) Si
substrate, such as the insertion of dislocation filter layers?7, or the selective growth in trenches using
aspect ratio trapping (ART)=8. The issue of antiphase boundaries has been successfully solved using
offcut Si substrates with an angle of 4-6° from the (100) plane2429. However, the lattice and thermal
mismatches are more serious issues that result in a high density of dislocations and a high stress,
especially at the typical growth temperatures of GaAs (above 600 °C by MOVPE) that give rise to
more cracking.

Direct hetero-epitaxy of GaAs on Si:

The earlier approach that was naturally experimented was to directly grow GaAs on top of Si
substrates. The large lattice mismatch between GaAs and Si (4%) results in strain, and defects such
as lattice distortion, stacking faults, misfit dislocations, and threading dislocations, that extend in
the whole epitaxial layer. The direct growth of GaAs on Si commonly leads to threading dislocation
density (TDD) as high as 108-109 cm=. As an example, a TEM image of a GaAs grown on Si is
pictured in Figure 1.10.a. (from Luxmoore et al.3°), revealing the high density of dislocations, visible
in darker lines spreading in the GaAs layer. The most efficient technique to reduce this TDD is to
perform thermal cycle annealing (TCA)3'. GaAs-on-Si epitaxy has also been performed by using
thick GaAs buffer layers (Vernon et al.32). After a low temperature nucleation of GaAs at 400 °C, the
GaAs is grown by standard MOVPE at 700°C. They deposited a 7 um thick buffer layer before
growing the structure of a single junction GaAs solar cell, with TDD of 8.10° cm=. An efficiency of
17.6 % was obtained with such structure under one suns33, and 21.3 % under 200 suns32. However,
this approach is not suitable in case of a tandem approach. The buffer layer being thick and
defective, the Si cannot serve as an active subcell. Using In,.Gao,As/GaAs strained layer super-
lattice (SLSs) in combination with TCA, Yamaguchi et al.34 reached a threading dislocation density
of 1x10%cm2 for upper GaAs layer grown on (100) Si substrate with 2° offcut, demonstrating 20%
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Figure 1.10 - TEM analysis of a) direct growth of GaAs on Si (Luxmoore et al. 3°), b) SiGe graded layers (Andre et al. 37)
(c) GaP buffer layer (Lang et al. 39)

efficiency under AM1.5G and 18.3% under AMo for a single GaAs solar cell grown on Si, the highest
efficiency reported up to now for a single GaAs junction grown on Si. To compete with lattice-
matched GaAs on GaAs solar cells, further improvement in TDD (below 1x10° cm=2) would be
required. In 1997, Soga et al.35 grew an Al,..Gao8As solar cell by MOVPE on top of an active Si
substrate. On Si (100) substrates with 2° offcut toward [110], they grew AlGaAs by MOVPE at 950 °C
using five TCA iterations. They managed to have a dual junction solar cell of Al,15Gao.ssAs with Si
with 21.2% under AMo, which is up to now the best efficiency reported for 2J III-V/Si solar cell
using direct hetero-epitaxy.

Growth using buffer layers:
To limit the effects of dislocations that appear

during direct growth of GaAs on Si, using buffer AlPS- -
layers with progressive change in lattice GaP & =Nl
parameter is a solution to accommodate the 20 F
mismatch strain. Figure 1.11 shows the different
pathways to accommodate gradually from Si b
lattice parameter to III-V lattice parameter with =z 15
the right bandgap. g
2
5 oL Si%

To pass from a Si substrate to the lattice
parameter of GaAs, a first way is to use a SiGe
graded buffer until Ge which has the same lattice
parameter as GaAs (Path a in Figure 1.11). It ' Band gap: _
enables to realize low TDD relaxed Ge layers on Si ® — dirat s
. . . £ = - indirect
substrates. The realization of a Ge virtual 0 | ! L !
substrate has been a topic of interest since the late 5.4 56 5.8 6.0
90’s. Carlin et al.3¢ grew single junction InGaP by Lattioe constant, A
MOVPE and MBE on a GaAs/SiGe/Si virtual
substrate using a thick graded buffer layer on top
of a 6° offcut Si substrate. A TDD slightly above

Figure 1.11 - Bandgap versus lattice constant for Si,
Ge, and IllI-V compounds. Arrows indicate the
possible pathways for integrating IlI-V on Si.
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I. Introduction

105 cm was reported in their GaAs. They measured an efficiency of 18.5% under AMo conditions
and 15.5 % under AM1.5G37. A cross sectional micrograph of their 1J GaAs solar cell grown on
Ge/SiGe/Si substrate is shown in Figure 1.10.b.

However, even though SiGe graded buffer layers can be used to produce a virtual Ge substrate, their
bandgap is lower than the underlying Si, and thus not transparent to the subcell. This technique is
suitable for using a cheaper substrate for III-V solar cells, but is not adapted in case of the use of an
active Si subcell because it limits optical transparency. With an active Si subcell, the buffer layers
should be more transparent than Si. GaP, whose parameter is close to that of Si (Figure 1.11, path b),
can be a good candidate for graded buffersss. Its high bandgap of 2.26 eV ensures a good
transparency of the buffer layer. The lattice mismatch between GaP and Si is of only 0.37 %. The
addition of As enables to move from GaP to GaAs by slowly decreasing the bandgap and increasing
the lattice parameter. Figure 1.11.c. shows a cross sectional SEM image of a solar cell grown on Si
after GaP buffer and GaAsP graded buffers, from Lang et al.39 Their solar cell is made of GaAsyP,«
with a bandgap of 1.7eV, which is adapted for a tandem configuration with Si. They reported a TDD
of 1x107 cm2, which is higher than the TDD obtained when using SixGe,.x graded layers, but was the
best reported for GaAsP buffer. An efficiency of 6.88% was disclosed, with a good V. of 1.12 €V,
exceeding the W, (= Eg - Vi) of the previous reported solar cells. Efforts are still being made to
reduce the threading dislocation density, and to minimize the issues during GaP nucleation, such as
antiphase domains (APDs), stacking faults and microtwins4c. The first GaAsP/Si tandem solar cell
revealed an efficiency of 10.65 % under AM1.5G spectrum, with a limiting FF of 61 %. They attribute
this to the poor characteristics of their GaAs,5Po.5 tunnel diode that induced losses at the
interconnection between the two subcells. In 2016, Yaung et al.4* used MBE to further optimize
GaP/Si templates and minimize TDD. They reported TDD down to 4x10° cm2. Their best single
GaAsP solar cell grown on a GaP/Si template reached 12% efficiency. Dimroth et al.42 used GaAs,P:«
buffer layers on silicon to grow a GaInP/GaAs dual-junction. It yielded an efficiency of 16.4 % (while
the same dual-junction on GaAs exhibits a 27.1 % efficiency). The main limit comes from the still too
high TDD in the GaAs subcell reducing : T | T

carrier lifetime. 24 - " -
GaP, )L(

Among the different routes, the use of III- 20

V-N (dilute nitride) on Si is also being 3

explored«s. Figure 1.12 shows the bandgap s /@ —

versus lattice constant graph, that includes ?:; “

this time the dilute nitride materials. The g‘ 12 f o

main advantages are that they can be lattice  ©

matched with Si, and quaternary 08 - —

compounds such as GaAsxP..xyNy or In,Ga.. GaN,P,

«PyN.y are good options for lattice-matched 04 -

top-cells in III-V/Si tandem solar cells, but GaN.As+. .

also for 3 junction solar cells44-45. The buffer 00 = = = o — :

layer 1is transparent to the subcell. Lattice Constant (A)

However, this technique is limited due to
the poor diffusion lengths in dilute nitride
materials, along with the difficult control of
the composition of the quaternary alloys. A 5.2% GaASo.10Po.86No.o4/Si tandem solar cell has been
reported using dilute nitride after a GaP nucleation4t. Lattice-mismatched InGaN on Si is also
explored, with its tunable direct bandgap ranging from 0.65 eV to 3.4 eV. The main challenges are

Figure 1.12 - Bandgap versus lattice constant including
dilute nitride materials
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Figure 1.13 - Summary of epitaxial pathways for integrating GaAs on Si, their advantages and challenges, and

the best solar cell efficiencies reported
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the poor structural quality for an N content above 30 %. However, a single InGaN junction grown on
Si has been reported with an efficiency of 7.12% under AM1.5G#7.

Several paths for growing III-V on top of Si have been presented. To summarize this section, the
advantages and drawbacks of each of these techniques are summarized in Figure 1.13, along with the
reported record solar cells using each technique.

1.3.2. Non epitaxial methods (bonding)

Even if direct growth would be the easiest technique to implement in industry, hetero-epitaxial
grown Si-based MJSC efficiencies are still limited by the defects in the III-V cells, along with the
degradation of the Si cell during high-temperature II1I-V epitaxy. Thus, non-epitaxial approaches are
also investigated. The term of “wafer bonding” refers to the fact of attaching a bulk or thin film (III-
V) to a substrate (Si). The first way of attaching them is to directly press the two surfaces, leading to
the creation of Van Der Waals bonds. This direct bonding requires perfect surfaces on both wafers:
no roughness, perfectly flat mirror polished surfaces, and careful removal of surface contamination.
Another approach is the mechanical stacking, which consists of using “glue”. The two wafers are
coated with a film, then put into contact together, heated and pressed. This approach implies the
introduction of a gluing film between the two wafers, potentially introducing some electrical
resistance or some optical absorption. Recently, several records have been beaten in the field of Si-
based multi-junction solar cells, by means of wafer bonding or mechanical stacking. Up to now, the
only tandem solar cells that reached 25 % were achieved by separately manufacturing the two
subcells, and bonding them afterwards. A monolithic two-terminal triple-junction of
GalnP/AlGaAs//Si solar cell was fabricated using surface-activated direct wafer bonding, leading to
a conversion efficiency of 30.1 % under one sun4® (Figure 1.14.b). Also, a four-terminal junction
using mechanical stacking avoids the need for a tunnel junction and reduces the requirements of
perfectly flat polished surfaces. It is also more tolerant to the slight bandgap variations, as there is
no need for current matching. In this configuration, a GaInP/Si dual-junction solar cell on a silicon
heterojunction has achieved an efficiency of 29.8% in 201649-5° and more recently 32.8 % in August
20175! (Figure 1.14.a). On the same Si heterojunction, they stacked a GaInP/GaAs dual junction

GalnP/GaAs//Si triple-junction solar cell

ZnS/MgF, ARC
a) Front metal _ b)
T grid
By (a) GalnP/AlGaAs  (b) wafer bonding (¢) GaAs wafer
inverted removal & cell
epitaxy 1952 processing
/N o
Rear metal p-GalaR.bac onfald NG‘ASQ“
ZnS ARC - - Rear metal
Adhesive —— ZnS ARC
Glassglice Adhesive “., WIV l
=
= Adhesiv GalnP cell
TCo . Fro:fsm:m GaAs
2023l — Wafer

Si cell &

n-Si wafer (FZ) Substrate

Si cell &
Substrate

Figure 1.14 - a) Design of the four-terminal GalnP/GaAs//Si triple junction solar cell with 35.9 % efficiency (Essig et al.
50) b) Design and process flow of GalnP/AlGaAs//Si triple junction wafer-bonded solar cell with 30.1% efficiency

(Cariou et al. 47)
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Chapter 1

leading to a 3-junction solar cell with a record efficiency of 35.9 %5'. The structures of the record
triple junction solar cell using Si as a bottom cell are presented in Figure 1.14.

This section presented the different paths to integrate III-V and Si for tandem solar cells. On the one
hand, direct growth methods are the easiest to implement industrially, however the solar cells are
highly limited by a high threading dislocation density, which is inherent to the technique. If the anti-
phase boundary issues are yet controlled, the lattice mismatch, combined with the thermal
expansion mismatch are up to now the main challenging issues for this approach. On the other
hand, wafer bonding offers promising pathways to perform multi junction solar cells based on Si. 4-
terminal triple junctions using conductive glue have shown efficiencies up to 35.9%. However, these
techniques remain expansive and need further reduction in the production costs before considering
reaching their industrial deployment.

I.4. An innovative approach for III-V/Si integration

1.4.1. IMPETUS project: principle

Now that all the routes currently studied in the research labs have been presented with their
respective advantages and drawbacks, we propose here an innovative approach for combining ITI-V
and Si. In LPICM lab, a very strong know-how has been developed for years: crystalline silicon
homoepitaxy at low temperature (below 200°C) using conventional radio frequency-PECVD (RF-
PECVD) reactors. It proved the possibility of growing good quality crystalline silicon by using
standard PECVD reactors usually used for amorphous deposition. A detailed overview and
presentation of this technique for silicon epitaxy will be given in the next chapter. This thesis is led
within the framework of an ANR project which has been initiated by several laboratories that allied
their know-how. The IMPETUS project (Innovative Multi-junction combining MOVPE and PECVD
Epitaxy at low-Temperature for Solar applications) gathers four partners: the LPICM (laboratory of
physics of interfaces and thin films from Ecole polytechnique), the III-V Lab (joint laboratory
between Thales, Nokia Bell Labs and CEA Leti), Total (its PV research branch from Total Gas and
Power), and the GeePs (Group of Electrical Engineering of Paris, from Centrale Supélec). The III-V
lab has a strong knowledge in III-V materials epitaxy and processing for optoelectronic and
photonic devices. The LPICM and especially its common team with Total Gas and Power, has a
robust know-how in Si photovoltaics. The GeePs added its strong expertise in electrical
characterizations, as well as solar cell modelling.

The idea of the impetus project is to explore the path of using low temperature PECVD to grow
crystalline Si on GaAs. In this inverted metamorphic approach, the Si growth occurs at a
temperature below 200 °C. In this way, the growth of the group IV material on top of the polar ITI-V
material avoids the antiphase boundary issues presented above. Also, the hetero-epitaxy occurring
at such low temperature drastically reduces the issues due to thermal expansion mismatch when
cooling down the bulk heteroepitaxial layer. Figure 1.15 shows the principle of the IMPETUS project
and the targeted final device. It consists of a 2-terminal tandem solar cell. The material chosen for
the top cell is AlGaAs. AlyGa,«As bandgap can be tuned ranging from 1.42 eV (GaAs) to 2.12 eV
(AlAs) while staying lattice-matched with GaAs. In our inverse metamorphic approach, AlGaAs is
first grown above 540 °C by metal organic vapor phase epitaxy (MOVPE) on a (100) GaAs substrate.
Then, a tunnel junction is grown. Subsequently, the group IV cell (Si or SiGe) is obtained via
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heteroepitaxial deposition by low temperature plasma-enhanced chemical vapor deposition (LT-
PECVD), which occurs below 200°C. After the growth of both subcells, the tandem solar cell must
then be inverted, by transferring it to a low cost carrier. Following the removal of the GaAs
substrate, which would ideally be reclaimed, the device process is finished on the host carrier
involving metal contacts deposition at the front. The back contact must also be taken, either at the
back of the host carrier if it is conductive, or from the front. Antireflection coating will be deposited,
and the cells will be separated via mesa etching.

Host carrier

Bondin Process
PECVD g AlGaAs subcell AlGaAs subcell
Tunnel Junction il T — Tunnel Junction
(V[e]ViIJ AlGaAs subcell Substrate
removal

Host carrier

GaAs wafer

Host carrier

Figure 1.15 - Principle of the IMPETUS project. AlGaAs is grown on a GaAs substrate by MOVPE, followed by a
tunnel junction and crystalline Si or SiGe grown by PECVD below 200 °C. The structure grown is then transferred to
a low-cost carrier, the substrate removed, and the device is fabricated by standard clean room processes.

1.4.2. Realistic simulations of IMPETUS tandem solar cell

The intended tandem solar cell has been presented, but many obstacles will of course be faced. The
first challenge that had to be assessed and studied was the thickness of group IV material that could
experimentally be grown. Indeed, in an epitaxial approach, it is highly time consuming to grow the
material, and it is hardly conceivable to grow absorbing Si as thick as 100 pm. Thus, simulations
studies were performed within the frame of the IMPETUS project in order to adapt the simulations
from Figure 1.6 with the experimental reality of a thinner Si subcell, so as to determine the optimum
structure to grow. The main results of this study are presented here, but more information can be
found in Lachaume et al.5253

For the final tandem cell, the III-V cell needed would be made of AlGaAs. As the two subcells are
connected in series we have to carefully match the current of each individual cell. In standard
tandem configurations, the bottom cell is composed of a thick Si wafer, and it is considered that it
has a QE of 1. In our specific case, the bottom cell will be a thin film, epitaxially grown by PECVD.
Consequently, the bottom cell made of Si will not be fully absorbing because of its small thickness.
The simulations state that thinning the bottom cell significantly modifies the optimum design of the
top cell. The simulated structure is shown in Figure 1.16.a. A Si subcell with variable thickness is
simulated using parameter extracted from previous experimental data on epi-Si materials5254. It is
passivated by an amorphous n-doped layer and contacted with a flat aluminum mirror. It is worth
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noticing that at this stage, no particular light trapping scheme is considered in the simulation,
meaning that there is still room for improving this tandem cell.

a)

Anti-Reflective Coating

P+ Al 35Gag 15As 2x10%cm
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Figure 1.16 - a) Details of the simulated tandem solar cell b) External Quantum Efficiency (EQE) of current-matched
AlGaAs/Si tandem solar cell with thick Si (full symbols) and thin Si (open symbols).

The considered tunnel junction is a non-optimized GaAs/GaAs TJ doped at 2x10'9 cm-3. Then, the
AlGaAs subcell consists of an AlGaAs back surface field, base and emitter with variable Al content,
and a window layer with high bandgap. An antireflective coating is also considered on top of this
cell. Figure 1.16.b. shows the external quantum efficiency (EQE) versus photon wavelength of two
current matched AlGaAs/Si tandem solar cells. The filled symbols correspond to the EQE in case of
a full absorption of the Si subcell, while the open symbols represent the EQE if we consider a 5 um
thick Si bottom cell. As we can see, there is a huge drop in quantum efficiency of the Si subcell
compared to a 500 um thick Si wafer. To get the optimum efficiency, the AlGaAs top cell must be

(a)

Bottom base thickness (pm)

Top base thickness fixed to 1um

Top base Al composition

Efficiency (%)

(®)
Top base thickness fixed to 1pm
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0.2 0.3 04
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Figure 1.17 - Maps of tandem cell efficiencies simulated for different combinations of top base Aluminum
compositions and bottom base thicknesses: (a) for a bottom cell in epi-Si and (b) for a bottom cell in epi-
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current matched. The maximum efficiency achievable for tandem cell with 5 um epi-Si is n~17%,
which is lower than that of a single GaAs solar cell. We can thus wonder what could be the minimum
thickness of Si and the optimum Al composition to get a best realistic efficiency. Pictured in Figure
1.17.a. is the map of tandem cell efficiencies simulated for different combinations of top base
aluminum compositions and bottom base thicknesses for an epi-Si bottom cell. The AlGaAs top cell
thickness is fixed at 1 um. We see that to get a minimum efficiency of 25%, we need to have at least
30 um of epitaxial silicon. For the time being, growing such a thick layer by PECVD is not realistic.
But PECVD reactor also allows growing crystalline Si;.-<Gey, which opens up the path of integrating
ITI-V with SiGe. The addition of Ge highly enhances the absorption of the subcell. SiGe bandgap will
be lower than Si, thus the Al composition for optimum current matching will be modified. In Figure
1.17.b, similar simulations have been done replacing the epi-Si bottom base by a Sio.63Geo.; layer.
The use of SiGe allows us to use much less thickness of PECVD grown material for the same
resulting efficiency. Namely, 25% efficiency can still be reached with only 5 um of epi-Sio 63Geo.o; and
33% with 20 um. Moreover, an optical model52 showed that the addition of a light-trapping scheme
would divide by a factor of 2 the required thickness for achieving the same efficiency. Thus, less than
10 um of Si, ;3Geo.»; material would be sufficient to reach >30 % efficiency.

This innovative approach suggests using the advantages of low temperature PECVD in order to
fabricate tandem solar cells. The promising theoretical analysis shows that this approach could lead
to efficiencies above 30 %. This PhD has been an exploratory work, devoted to prove the
experimental feasibility of such approach and to pave the way towards the realization of tandem
solar cells using low-temperature PECVD.

I.5. Building blocks and outline of this PhD

This PhD thesis, at the interface between the two worlds of III-V and group IV materials, is divided
into 4 main chapters, after this introduction chapter. Many steps had to be developed and mastered
to lead to the final device. At the beginning of the project, a lot of choices were possible, and the
feasibility of several technological challenges had to be proved. What is the maximum thickness of Si
that can be grown by PECVD? Can we grow good crystalline SiGe, and with which Ge content? Is
PECVD grown material suitable for good tandem solar cells? The III-V know-how in photovoltaics
had also to be developed. Can we grow a good quality ITI-V solar cell and process it with the right
design, ohmic contact etc..? Should we use a n-type base or a p-type base solar cell? Also, the tunnel
junction needs to be developed. Should it be made of III-V materials? of Si? or hybrid III-V/Si
tunnel junction? The growth of Si on GaAs also has to be understood. How does epitaxy happen at
such low temperature? As this combination of processes and materials are not standard, we must
also wonder what the impact of the PECVD process on the underlying II1I-V layers is. Is there any
effect of PECVD on the structural or electrical properties of GaAs? And finally, how can we bond the
full tandem device to the host carrier? What are the technological requirements and issues? What is
the impact of the strain in the layers, when the substrate is removed? These are some of the
numerous questions that had to be assessed during this PhD. In this manuscript, we try to answer
gradually to most of these questions, in order to progressively make the right technological choices.
Each of the following chapters will successively deal with different building blocks necessary to
develop the whole final tandem device.
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Indeed, before trying to grow and process directly, it is of high importance to characterize separately
each material, and to understand at best the physics involved. The electrical properties of the
separated devices will be studied, so as to validate their right operation, or in some case, to bring to
light some unexpected effects due to our non-conventional approach. With this methodology, we
will be able to first assess and solve the essential challenges inherent to our approach and second, to
reveal some compatibility issues, along with their solutions. This doctoral work is articulated so as to
focus on the constituting blocks and progressively lead to the final targeted device. Figure 1.18
pictures the different building blocks of the tandem solar cell, corresponding to the different
chapters of this manuscript.

As the targeted tandem device includes the growth of thick Si(Ge) material by PECVD, Chapter 2
will deal with the epitaxial growth of Si and SiGe on Si substrates by PECVD. We will present the
main growth and characterization techniques used, as well as the different PECVD reactors available
in the lab: a homemade PECVD reactor (Arcam) and a large industrial reactor (Octopus). In this
chapter, the study of the Si material properties, the ability to grow thick layers and its evolution with
annealing will be assessed. The growth of Si,.xGex with increasing Ge content on top of Si will be
studied. The crystal quality, Ge content and layer relaxation will be assessed by means of XRD
measurements. Finally, Si and SiGe heterojunction solar cells will be fabricated and characterized on
a solar simulator, to validate the use of this material as an optical absorber in the tandem device.

Once the Si subcell had been separately grown and characterized, we focus on the integration of
PECVD Si grown on GaAs by heteroepitaxy in Chapter 3. Structural studies of the early stages of
the growth will be performed in order to have a better insight on the growth mechanisms involved in
low temperature PECVD. To do so, we used X-Ray diffraction with synchrotron beam and studied
the strain in the Si layer. Also, the effect of PECVD (mainly the hydrogen plasma) on the electronic
properties of GaAs will be assessed.

/
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Figure 1.18 - Different building blocks of the tandem solar cell

In Chapter 4, we will study in details one essential part of our 2-terminal targeted tandem solar
cell: the tunnel junction. Theoretical explanations and our requirements for the tandem device will
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be presented, along with the basics of MOVPE and clean room technologies used in this PhD. After
presenting our first tunnel junctions grown in the lab with conventional GaAs dopant, we will
present the further improvement of these tunnel junctions by developing Te-doped GaAs. Doping
level optimization of GaAs doped with Te will be discussed, and we will measure tunnel junctions
with electrical characteristics highly suitable for our tandem solar cell. The development of
heteroepitaxial doped c-Si on GaAs will also be presented, to open the path towards hybrid tunnel
junctions.

Finally, Chapter 5 will focus on the process of single III-V sub-cells as well as the tandem device
after bonding. We will present the path to reach a state-of-the-art AlGaAs solar cell grown by
MOVPE that will serve as the tandem sub-cell. The realization of the IMPETUS tandem solar cell
also includes the bonding of the multi-junction. We will thus present the bonding and processing of
a full 2 inches inverted III-V solar cell in order to master this technique and validate the steps.
Finally, a Si on GaAs tandem solar cell will be bonded.
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I1. Low Temperature PECVD epitaxial growth of Si(Ge)

Chapter

Low Temperature PECVD
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Chapter 2

In this chapter, we present homoepitaxy by low temperature Plasma Enhanced Chemical Vapor
Deposition (LT-PECVD). We will first introduce PECVD growth of crystalline silicon, along with the
reactors used in this manuscript. After a brief introduction of material characterization tools, we will
present the growth of Si and SiGe materials on (100) Si substrates in the industrial reactor Octopus.
These layers will then be integrated in heterojunction solar cells whose electrical performances will
be characterized.

II.1. PECVD and characterization tools

I1.1.1. Epitaxy using low-temperature PECVD

I1.1.1.1. PECVD: principle
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Figure 2.1 - a) Schematics of a PECDV reactor b) Schematic of the potential distribution in a RF discharge where the
substrate is grounded and the RF voltage applied to the RF electrode

This part describes the technique used in this PhD to grow crystalline silicon and silicon-
germanium: plasma enhanced chemical vapor deposition. This technique was also used to deposit
amorphous layers to perform the stacks of an heterojunction solar cell, or to deposit SiO. on top of
ITI-V materials. It is widely used in industry for various applications: surface treatment, thin film
deposition in microelectronics (SiO., SiN ...). PECVD technique utilizes a plasma to provide energy
for the deposition reaction to take place. The presence of a plasma allows to deposit at lower
temperatures than in standard CVD techniques. The typical operating temperatures are between 150
°C and 400 °C. A detailed description of PECVD can be found in Liebermann et at>. We will here
describe the basics principle. A plasma is a gas in which some atoms or molecules are ionized. In a
PECVD reactor, the plasma is created by introducing gas between two electrodes that are supplied
by radio frequency (RF) power, at 13.56 MHz in our case. One of the electrodes is grounded, and the
other is connected to the RF power through a matching box, to ensure an optimized power coupling
between the generator and the reactor. The grounded electrode often corresponds to the substrate
holder. The RF power gives the energy necessary to ionize the gas mixture, thus creating a plasma
containing positive and negative ions, electrons, but also neutral species such as radicals,
nanoparticles, neutral atoms and molecules. The potential profile is plotted as a red line in Figure
2.1.b. The plasma bulk corresponds to the region where the potential is constant. In contrast, the
electron density strongly decreases in the sheath region. Electrons have a lower mass and therefore
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a higher mobility. Thus, they will be lost to the electrodes, leaving behind a region (the sheath) that
is not neutral anymore, containing positive ions and radicals that can interact with the substrate.
Neutral and positive ions can take part in the deposition process, while negative ions are trapped
inside the bulk plasma by the repulsive forces arising from the sheath.

In a RF-PECVD, several parameters are of high importance. First, the geometry of the plasma
chamber is of prior importance. The frequency of the plasma will also determine the behavior of the
electrons and ions. In our case, the frequency is 13.56 MHz. The power applied also influences the
deposition. Increasing the power of the excitation will enhance the dissociation and thus increase
the quantity of reactive species. The substrate temperature is also crucial when it comes to
controlling the reactions that occur on the substrate. A higher temperature will enhance surface
mobility and desorption of the impinging species. The pressure must be high enough to enable
reactions in gas phase, but not too high because it would favor the formation of powders by
nucleation in gas phase.

I1.1.1.2. Presentation of the two reactors used

During this work, two PECVD reactors have been used. The first one is a home-made PECVD reactor
ARCAM shown in Figure 2.2.a (from outside) and b (open). This reactor was designed and built in
the early 80’s. A lot of details regarding the design of this reactor can be found in Roca i Cabarrocas
et al’®. This reactor contains no load lock and consists of one single vessel kept at a constant
temperature, typically between 150°C and 250 °C. The plasmas are confined in the 3 plasma boxes
that constitute the 3 different PECVD chambers, avoiding cross contamination. This reactor can be
therefore described as a multiplasma monochamber reactor. The samples are located in the same
“oven” but placed on a rotating plate which allows placing the sample above the desired plasma box
shown in Figure 2.2.b. We can thus start the plasma on an empty position of the plate, stabilize the
pressure and optimize the “load” capacitor and the “tuning” capacitor of the plasma to minimize
reflected power, before turning the plate to place the sample (that lies face down), above the plasma
box. The three chambers enable to process several type of materials in a single pump down process.
During this PhD we usually used one chamber to perform the in-situ SiF, cleaning of samples, and
one chamber to perform the epitaxial growth of intrinsic silicon, or SiGe. The third one enables to
add another step such as the growth of doped c-Si, or the deposition of doped a-Si:H for the
passivation. The typical limit vacuum obtained is in the range of 10-¢ or a few 107 mbar.

The second reactor has been acquired in summer 2016 during this PhD by IPVF (Institut
Photovoltaique d’Ile de France) and hosted by LPICM (Figure 2.2.c). This is an industrial reactor
provided by IndeoTec”, that has a fully automated operation mode, along with an automatic plasma
match box. It can host up to 7 process modules, but is only equipped with two of them yet.
Dedicated to PECVD epitaxy of silicon, our two chambers can be used at temperatures ranging from
150 °C up to 400 °C, thus at higher temperature than in Arcam reactor. It exhibits a loadlock that
ensures very low base pressure in the chambers around 10-® mbar, which results in less impurities
than in Arcam reactor (O, C...). It ensures homogeneous deposition on 450*350 mm, enabling to
process at the same time up to six 4 inch wafers. In its design, the grounded electrode is the bottom
one, that also serves as substrate holder. The samples are thus placed right side up.
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.

Arcam (open) = 83sPumping

Figure 2.2 - a) Picture of Arcam reactor, b) picture of the inside of Arcam reactor with the three separated plasma
boxes. c) picture of the Octopus reactor from IndeoTec.

The ARCAM reactor has been mostly used in the early stages of this PhD to perform some
optimizations of Si and SiGe growth on Si and GaAs (used in Chapter I1I), along with the growth of
doped c-Si on GaAs as it will be presented in Chapter IV. This chapter presents the results obtained
on Si substrates in the new reactor Octopus, thanks to the strong work of process transfer and
optimization performed by Nicolas Vaissiére.

I1.1.1.3. Low temperature epitaxy by PECVD: overview

Growth of crystalline silicon by epitaxy has been studied since the early 1950s, by means of several
deposition methods such as vapor-phase, liquid-phase, solid-phase and molecular beam epitaxy
(MBE)*. Those epitaxial growth techniques operate at high temperature process (above 500 °C) so
as to guarantee good epitaxial quality. However, high temperature has shown to induce diffusion of
species such as dopants and impurities into the layer, affecting the bulk electronic properties. In this
work, we are also interested in reducing as much as possible the thermal expansion mismatch
between Si and GaAs. Low temperature PECVD of Si below 400 °C has first been observed in 1987
by Nagamine et al.*’, with a growth rate around 1 A/s at 250 °C, using fluorine chemistries. They
reported the importance of the balance between competitive effects of H and F. In 1988 ® was
reported some n-type Si, but achieved only 200 nm with a low deposition rate of 0.4 A/s. Then,
Xerox Company published results of PECVD epi-Si without fluorine in the plasma, using standard
SiH,/H, chemistry®’. They pointed out the importance of the balance between deposition and
etching by hydrogen to achieve whether amorphous, microcrystalline or epitaxial silicon. Doped
layers and selective epitaxy of Si on (100) Si substrates was then achieved at IMEC by Baert et al. in
the early 9o’s ®**. More recently, low-temperature epitaxy has then regained interest in the
photovoltaic field. Indeed, LT-PECVD is a well-established growth technique in PV industry to grow
microcrystalline and amorphous silicon for realization of heterojunction solar cells at large scale.
For these applications, having atomically sharp interface between c-Si and a-Si:H is highly critical.
However, researchers frequently observed unwanted epitaxial growth that was happening in the first
stages of a-Si:H growth *®, It was thus important to understand the mechanisms and to know the
growth conditions to avoid such epitaxial growth by PECVD. It is now investigated in various
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laboratories, in order to integrate PECVD epi-Si in a silicon solar cell as an optical absorber® or as a
doped emitter ",

I1.1.1.4. Epitaxy: standard growth mechanisms

While the growth mechanism of crystalline Si by LT-PECVD is still not fully understood (and will be
discussed in Chapter 3), the growth mechanisms using common epitaxy techniques are divided in 3
main modes that we present in this section. Epitaxy, from the greek epi (placed or resting upon) and
taxis (arrangement), is the extension of a single crystal on top of another crystal. We have already
introduced in Chapter 1 the two types of epitaxial growth that can be distinguished: homoepitaxial
growth, when the film is of the same material as the substrate, and heteroepitaxial growth, when the
film is different, with different lattice parameter. In this chapter, we will deal with both: the
homoepitaxy of Si on Si substrate and the heteroepitaxy of SiGe on Si, for different Ge contents. Up
to now, three main growth modes have been identified. They depends not only on the lattice
parameters, but also of the chemical potential of the surface.
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Figure 2.3 - lllustration of the three main growth modes: a) Volmer-Weber mode (VW) b) Frank-van der Merwe
mode (Layer-By-Layer) c) Stranski-Krastanov (SK) d) Atomic Force Microscopy mapping of the surface of an GaAs
layer grown by MOVPE

The Volmer-Weber (VW) mode consists of the formation of islands, as represented in Figure 2.3.a.
The adatom-adatom interactions are stronger than the interactions between adatoms and the
substrate surface. Thus, they coalesce together forming three dimensional adatom clusters or
islands. This 3D growth mode is usually the dominant one at low temperature due to low surface
diffusion of adatoms. It usually results in rough surfaces, and the films present some grain
boundaries that appear when the clusters join each other.

The Frank-van der Merwe mode, represented in Figure 2.3.b, is the layer-by-layer (LBL) growth
mode, in which the film grows, as its name suggests, layer by layer. Each adatom reaching the
substrate diffuses on its surface until reaching an atomic step. This 2D mode occurs usually at high
temperature, when surface diffusivity is rather high, and results in an atomically smooth surface. As
an illustration, Figure 2.3.d shows an AFM image of the surface of one of our MOVPE grown GaAs
samples. We can distinguish the terraces, corresponding to the atomic steps of the grown layer.

The Stranski-Krastanov (SK) mode, or layer-plus-island growth mode, consists of a combination of
the two previous growth modes, as shown in Figure 2.3.c. In the SK mode, the growth happens first
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in a layer-by-layer configuration. Over a certain thickness, islands start to appear and the growth
continues in a 3D mode and follows its mechanism of nucleation and coalescence. The critical
thickness depends on several parameters including surface energies or lattice parameters of the
substrate and the film grown. This growth mode happens when the interface energy increases
during the growth, for example when there is an increasing strain in the film due to lattice
mismatch, thus mainly in heteroepitaxy.

I1.1.2 Material characterization

Assessing the structural and chemical properties of the material is essential to understand and
optimize the effect of the growth parameters on the crystal quality. We present here most of the
material characterization techniques that have been used during this PhD: ellipsometry, mainly
used to assess the epi-Si quality, and X-Ray diffraction (XRD), to get an insight on the strains in the
grown layers, along with the composition of Si,«Gey alloys as well as II1I-V ternary alloys. Then, a list
of different characterization techniques that have been less systematically used will be drawn up.
Those techniques have been useful not only in this chapter dedicated to PECVD growth of Si and
SiGe on Si substrates, but also in the following chapters.

I1.1.2.1. Ellipsometry

To evaluate the crystalline quality of the films grown by PECVD, the first characterization tool used
is ellipsometry. While some of the reactors in the lab are equipped with in-situ ellipsometers,
unfortunately the two reactors used in this work (Arcam and Octopus) do not have in-situ
characterization. Thus, this technique was widely employed as ex-situ characterization. Ellipsometry
is a non-destructive technique based on the polarization of light, and its interaction with the
material when reflecting on the sample. It enables to analyze the film properties, provides
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Figure 2.4 - Ellipsometric spetra (imaginary part of the dielectric function) simulated with DeltaPsi2 by varying a) c-
Si/a-Si fraction, b) c-Si/p-Si fraction, c) native SiO2 thickness d) c-Si thickness e) roughness or defectivity of interface
between substrate and epi-layer
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information on surface and give its optical constants, its roughness and thickness. In this work, we
used it mainly to have a quick estimation of the thickness of the Si film, and to assess its
crystallinity, by performing fits with the software DeltaPsi2, provided by Horiba. Figure 2.4.a. shows
the simulated ellipsometric spectrum (imaginary part of the pseudo dielectric function) as a function
of the photon energy. We see that epitaxial films show two characteristic peaks at E, = 3.4 eV and E.
= 4.2 eV. On the contrary, an amorphous film will present a large peak centered around 3.5 eV. For
decreasing crystalline quality, we see that both E, and E. peak intensities are decreasing. Figure
2.4.a shows the spectrum of a sample considered as a combination of crystalline silicon and
amorphous silicon, and Figure 2.4.b. shows the simulated spectrum if we consider a mixture of
polycrystalline silicon with large grains. The intensity of the peaks drops from a value of 38 to
around 34 for E, and from 48 to 38 for E.. However, E. is not only sensitive to the crystal fraction of
the material. It is also widely sensitive to the surface state, especially when there is an oxide or some
surface roughness. Figure 2.4.c. shows the influence of the surface oxide on the ellipsometric
spectrum for various SiO. thicknesses. Oxide strongly lowers E., intensity. Thus, the measurements
should be performed right after the deposition, so as to avoid the formation of native oxide that will
modify the peak intensity, or must be taken into account when the measurement is performed too
much time after deposition. The spectrum at low energies enables to have an insight on two
parameters: the thickness of the layer, and the interface roughness. Figure 2.4d. is a zoom in the low
energy range for various simulated samples with decreasing thicknesses of epi-layer. In this
simulation, we considered an interface layer with 10% of void with a thickness of 1 nm. The thinner
the layer, the larger is the period of oscillations. Also, the amplitude of the oscillations determines
the quality of the interface. Indeed, as shown in Figure 2.4.e, adding in the simulation some “void”,
or anything that would lower the refractive index (SiO., H) increases the amplitude of oscillations.
For a perfect interface, no oscillation can be distinguished®. Ellipsometry can also be used to
determine the Ge content in Si,«Gey alloys, and also to assess the GaAs oxide thickness.

I1.1.2.2. X-Ray diffraction

X-ray diffraction (XRD) is a highly powerful technique to get structural information on a crystalline
material. It is a non-destructive characterization technique that enables to measure the lattice
parameter of a crystal, its thickness, composition and strain. This technique has been used as a
common routine to develop III-V ternary materials. In this manuscript, most XRD measurements
presented will concern the development of Si and Si(Ge) materials by PECVD, and the assessment of
the strain in the layer and its composition.

The XRD technique is based on elastic scattering of X-rays’>. The interaction between incident X-
rays and atoms must be considered. When an incident X-ray with a wavelength A reaches a crystal,
the rays are scattered by the atomic planes that are periodically arranged. Interferences between the
scattered waves will happen for angles when the Bragg’s law (Eq 2.1)) is verified. Figure 2.5. is the
schematic representation of Bragg’s law.

Eq2.1
ZdhleinQ =nAi q

n is the order of diffraction, A the X-ray wavelength, # the angle between diffractive planes and the
incident x-ray beam, and d the distance between those planes. Crystalline materials have a well-
defined lattice constant, thus interplanar distance. When @ satisfies the Bragg equation, the intensity
diffracted is maximum. In general, for a tetragonal lattice, the distance du, is given by Eq 2.2)
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_h+k l Eq2.2

dhkl_W'l'aJ_

where h, k and l are the Miller indices, a/, is the in-plane parameter, identical in both x and y
direction, and a, is the out-of-plane parameter, corresponding to the parameter along growth
direction, as schematized in Figure 2.7.a or b. Along {004} planes, doos gives us directly an
information on a_, the out-of-plane parameter.
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Figure 2.5 - Schematic representation of Bragg’s law

In the case of an heteroepitaxial layer, two peaks will be distinguished, corresponding to the
substrate and the layer. w/20 scan along {004} allows to find the thickness of the film, that induces
oscillation, but also, the out-of-plane lattice parameter a,. As an example, Figure 2.6.a. shows
simulated w/20 scans along {004} planes for Si,oGeo, crystal grown on top of a Si Substrate. The
sharp peak around 69.15 ° corresponds to the Si substrate peak. The second peak corresponds to the
layer peak. For different epi-layer thickness, two effects can be seen: first, for thinner layers, the
intensity of the peak is lower, because the diffracting volume is low as compared with the substrate
volume probed for a same measurement time integration. Second, the oscillations are linked to the
thickness. The thicker is the layer, the higher is the oscillation period.
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Figure 2.6 - Simulation with Leptos software of a) Siy4Ge,, layer with various thicknesses on a (100) Si substrate: the
oscillation period and the peak intensity and FWHM are strongly dependent on the thickness b) Comparison of a
strained Si; 3Gey, layer with a strained Si;,Geg; and a relaxed one : the peak is shifted to the right when relaxed.

In case of a strained film, the position of the layer peak is directly linked to the composition of the
film. Figure 2.6.b shows the simulation of a strained SiGe film on Si with different Ge compositions
(10 % and 20 % i.e. black and blue curves). The more Ge is incorporated, the higher is the lattice
parameter of the crystal, thus the angle decreases (i.e. shifts to the left). However, this diffraction
angle also depends on the strain of the layer. With only this scan, we do not have access to an
information: the strain or relaxation of the film. In Figure 2.7 is represented the reciprocal space of
an hetero-epitaxial stack. The purple dots correspond to the substrate and the pink ones to the layer,
in case of a layer with higher lattice parameter than the substrate (which is the case of SiGe as
compared with Si). {004} planes are framed in black. While performing an w-20 scan along these
planes, we actually perform a scan along the vertical line. Figure 2.7.a. represents the case in which
the layer is relaxed, thus has its own lattice parameter. Figure 2.7.b. corresponds to the strained case
(compressive strain), when the in-plane parameter follows the substrate lattice parameter, leading
to a deformation of the lattice with a higher out-of-plane parameter.

Thus, the strained case and the relaxed case will give different diffraction angles in ®-20
configuration, as shown in Figure 2.7.a and b. Consequently, with only one »-260 scan along {004},
we will not be able to decorrelate the relaxation from the composition of the film. To do so, another
scan, or more particularly a mapping of the reciprocal space (RSM) is needed. RSM are a gathering
of w/20 scans offset starting with different w angles. These mappings correspond to slices of the
reciprocal space presented in Figure 2.7.a and b on the right. It typically requires much more time
than a single w/20 scan. The asymmetric scan along {224} planes will be the most used because it
gives information about the strain in the epitaxial film. The position of the substrate peak on a {224}
asymmetric RSM will give us information on the state of the film: a fully strained film will present a
diffraction peak vertically aligned with the substrate as seen in Figure 2.7.b, while a fully relaxed
layer will have a diffraction peak following the line given by the origin of the reciprocal space and the
substrate (Figure 2.7.a). Films that are partly relaxed will have peak position following the
relaxation line drawn in Figure 2.7.c, with a relaxation rate R ranging from o (fully strained) to 1
(fully relaxed). An enlargement of the peak would be the proof of dispersion in film alignment,
called “mosaicity”. The reciprocal space of such material together with a schematic of the atomic
plane orientations is pictured in Figure 2.7.d. Mapping along {004} planes also contain information
on the mosaicity of the sample. However, due to the long measurement time of both RSM (from 4 h
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to 12 h depending on the precision required), only one RSM along {224} planes will usually be
performed, coupled with one simple w-20 scan along {004} planes.
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Figure 2.7 - Schematic of the reciprocal space of an hetero-epitaxy considering a substrate with lower lattice
parameter than the layer. Rectangles show the area that corresponds to reciprocal space mapping (RSM) along
{004} planes and 224. a) In the relaxed configuration, b) in the fully strained configuration. c) The arrow represents
the relaxation line for partly relaxed layer on along 224 planes. d) Reciprocal space schematics in case of relaxed
layer with high mosaicity. (images: Bruker)

The XRD setup used at LPICM is a Bruker D8, composed of a Cu tube for X-ray generation using
the Ka, radiation (A= 1.54056 A). During this PhD, a rather new XRD equipment initially dedicated
to powder analyses had to be understood, and set up to match our requirements at best. After
optimization of the optics and finding compromises to suit for several applications in the lab, a fixed
optical configuration has been chosen. Thus, for most of the experiments performed in this chapter,
we used the following configuration for w-20 measurements as well as reciprocal space mapping: the
primary beam optics (emission line) is composed of a Goebel mirror, a divergence slit set at 1.2 mm
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large, and a double reflection Ge(220) monochromator to have a monochromatic incident beam. No
back-monochromator was available in the lab. The detector is a linear detector of 14 mm, usually
closed below 1 mm, and the detection arm includes a 1 mm large analysis slit.

Theoretically, epitaxially grown Si on a Si substrate should have the same lattice parameter as the
substrate. We will see in this chapter that it is not always the case, and that in the case of Si grown
with SiH,/H. mixtures by low temperature PECVD, the epi-layer can have a slight different lattice
parameter than the substrate, depending on the deposition conditions. X-Ray Reflection has also
been also used to assess the density of our materials and determine the Ge content of Si,.«Gey, but
will not be presented in this manuscript, thus we do not present the technique despite its high
interest in thin film characterization.

Thus, in this manuscript, w-20 scans to assess the out-of-plane parameter of the material and alloys
grown are presented. The realization of 224 reciprocal space mapping will give us an insight on the
relaxation of the layers. In Chapter 5, another configuration of XRD will be presented, that will allow
having a precise measurement of the in-plane parameter: Grazing Incidence X-Ray Diffraction (GI-
XRD). This configuration has been used on DiffAbs line of Synchrotron SOLEIL.

I1.1.2.4. Other characterizations mentioned in this manuscript

Atomic force microscopy (AFM)” is a high-resolution scanning probe microscopy that enables
to measure surface topography, and thus surface roughness with a precision below 1 nm. This non-
destructive characterization will be used to assess the surface roughness of the materials after in-situ
etching and after growth.

Scanning electron microscopy (SEM)™ scans a sample surface with a focused beam of
electrons. The interaction between the electrons and the atoms of the surface provides information
about the sample surface topography and composition, with a resolution better than 1 nm. It is a
destructive characterization technique that needs a cleavage of the sample when we want to
investigate a cross-section.

Transmission electron microscopy (TEM)” is a microscopy technique in which a focused
beam of electrons is transmitted through a thin sample (< 100 nm thick) than have been previously
prepared. It allows to have a precision at the atomic scale and to distinguish atom arrangements,
and the contrast can differentiate the different atom species.

Secondary-ion mass spectrometry (SIMS)’® allows analyzing the composition of a sample
along its depth by sputtering its surface with a focused ion beam. The ejected secondary ions are
collected and measured thanks to a mass spectrometer. This technique is essential when it comes to
analyze scarce atoms that do not constitute the crystal, such as O, H or C impurities, or dopant
atoms. The measurements presented in this PhD were performed at Problon Analysis.

Electrochemical Capacitance-Voltage (ECV) is a profiling technique used to measure the

active carrier concentration profiles, thus the doping level. This technique will be presented more in
details in Chapter 4.
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Raman Spectroscopy "’ is a non-destructive characterization technique to get an insight on the
chemical and structural composition of a layer. A laser is sent to a sample, and its light will interact
with molecular vibrations, and phonons, resulting on a shift of the photon energies that are
scattered by the material compared to the incoming photon energy. This shift gives us information
about the vibrational modes in the system. For example it can assess easily the crystallinity of a Si
sample

Hall Effect measurements’® have been performed on some samples to assess the doping level of a
film. It requires growing the doped film on an intrinsic substrate or a silicon-on-insulator (SOI)
substrate.

Profilometer measures a surface's profile, in order to quantify its roughness. We used contact
profilometers, in which a probe is physically moving in contact with the surface to acquire its height.
This is done mechanically with a feedback loop that monitors the force from the sample pushing up
against the probe as it scans along the surface

Part II.1. has been dedicated to the presentation of the PECVD growth technique used in this
chapter as well as in Chapter III of this manuscript. We also presented the principle of the main
characterization tools used to characterize PECVD grown Si and SiGe materials. Some of these tools
are also used to characterize I1I-V materials as it will be seen in Chapters 4 and 5. We propose now
to get to the heart of the subject: the epitaxial growth of thick crystalline Si and SiGe materials by
LT-PECVD. We will study their structural properties (Chapter I1.2. Low-Temperature Epitaxy of Si
and SiGe by PECVD). Later, the electrical properties of such layers will be assessed by fabricating
heterojunction solar cells (Chapter I1.3. Solar cell ).

I1.2. Low-Temperature Epitaxy of Si and SiGe by PECVD

I1.2.1. Growth parameters

I1.2.1.1. Silane /hydrogen dilution

The optimum growth conditions for crystalline silicon on (100) Si have already been carried out in
our laboratory in several reactors” (Philix, Arcam, Cluster tool). At high pressure and fixed
temperature (below 200 °C), the importance of silane dilution in H, has been shown to be the main
crucial parameter for epitaxial growth. For a fixed H. flow rate, with a low silane flux, the deposited
material was microcrystalline, and a high silane flux resulted in an amorphous material. Figure
2.8.a. shows the calibrations made on Arcam reactor reported in the following paper”: for a fixed H.
flow rate and other parameters (RF power, pressure, deposition temperature), SiH, flow rate was
varied from 0 to 50 sccm. The graph shows the crystalline fraction as deduced from the modelling of
ellipsometric spectra. The right axis represents the deposition rate calculated for each SiH, flow
rate. Figure 2.8.b. represents the results obtained in the new Octopus reactor by fixing the H, flow
rate at 500 sccm, for a growth temperature fixed at 200 °C, a RF power of 50 W and a pressure of 2
mbar. The same behavior can be observed in both reactors: the more SiH, is introduced in the
plasma, the higher is the deposition rate, which is of course consistent with the fact that more Si
atoms are available to be incorporated on the layer. However, the layer is fully crystalline for a silane
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flow rate between 20 sccm and ~42 scem. The optimum conditions are slightly different from one
reactor to another, but the trend remains similar. For most of the deposition presented in this
chapter, the silane flow rate will be fixed at 35 sccm. This value is far enough from the border of the
process window for which the growth is amorphous, but high enough to ensure a sufficient
deposition rate above 1.5 A/s.
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Figure 2.8 - Deposition rate and percentages of monocrystalline silicon, as deduced from spectroscopic
ellipsometry measurements, plotted as a function of the silane flow rate. a) from Roca | Cabarrocas et al.22 in
Arcam reactor, b) in Octopus reactor

I1.2.1. 2. Surface cleaning of Si substrates

During this PhD, all the depositions have been performed on (100) oriented crystals (Si or GaAs).
Low temperature epitaxial growth is known to be more difficult on (111) oriented surface even if it
has recently been suggested that it was possible at very high power at 250 °C [Leal’s thesis, to be
published]. The preferential growth on (100) can be explained by the surface state of the wafer: in a
(100) orientation, each Si atom has to form two covalent bonds with the underneath planes in order
to be incorporated in the lattice. On (111) surfaces, the impinging Si needs to form only one bond
with the underlying plane (and three with the upper planes), which gives more degrees of freedom
for an amorphous growth.

Wet cleaning

Surface preparation is crucial in order to have epitaxial growth. First, there is a native oxide that is
formed naturally on the c-Si substrate exposed to air, that is usually about 1.5 nm thick. This native
oxide also contains all sorts of impurities such as organic compounds, traces of metals, etc. This SiO,
layer is not only an electrical barrier for carriers, but also prevents from low temperature epitaxial
growth as it is an amorphous layer. A review of the surface cleaning solutions can be found in a
paper from Kern®.For these deposition, surface treatment of Si wafers was performed by dipping
them into a 5% solution of HF right before loading the wafer into the PECVD reactor. The oxide
indeed quickly regrows after air exposure. Exposition to air for more than one hour will induce a too
high SiO. thickness. Consequently, the samples are loaded into the reactor in the few minutes or
tens of minutes that follow the HF dipping.
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Dry cleaning

HF is extremely corrosive and risky to handle, thus requiring many precautions. For safety reasons,
but also for practical reasons (PhD students are not allowed to handle it by themselves), in-situ dry
cleaning has been proposed and developed in the lab. It was proposed to use SiF, dry plasma to
clean the surface. SiF, is commonly used in combination with Ar and H, in our reactors to grow
microcrystalline silicon®*"*’, and more recently, crystalline Si*®. This plasma has also been shown to
be efficient in cleaning Si surfaces for PECVD epitaxial growth ®. In that work, the authors exposed
a wafer containing a native oxide to several SiF, plasma conditions while monitoring by in-situ
ellipsometry the second peak of crystalline silicon, which is linked with SiO. thickness, as introduced
in Figure 2.4.c. They showed a maximum amplitude of e, after a certain time (300 s, which depends
on the reactor used). An additional H, plasma of a few seconds (~30 s) is performed after the
cleaning in order to remove F atoms that may remain at the surface, to produce a H-terminated
surface. It was then shown that an epitaxial growth can occur on top of such a cleaned wafer®.
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Figure 2.9 - a) Optimized cleaning and deposition conditions in Octopus reactor, b) ellipsometric spectra of 5
minutes growth Si after cleaning at various values of the RF power c) comparison of the best SiF4 cleaning with HF
cleaning, along with the substrate reference

Figure 2.9.a. shows the plasma condition used in Octopus reactor for in-situ SiF, cleaning and Si
deposition. On several (100) Si substrates (with native oxide), a 5 mn plasma etching has been
performed on the Si substrate with various RF power values ranging from 75 W to 125 W, followed
by a 30 seconds H, plasma, and a 5 mn growth of silicon in epitaxial conditions. The resulting
ellipsometric spectra are presented in Figure 2.9.b. We see that epitaxial growth is happening for RF
power values ranging from 75 W to 100 W. E, intensity are similar for each of these RF powers, and
the best value for E. is reported for a plasma power of 100 W. For 125 W, the film grown is fully
amorphous. Thus, the best cleaning conditions have been found to be: 5 mn of SiF, plasma at 175 °C
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with a pressure of 0.8 mbar, 30 scem of SiF, and a RF power of 100 W. Figure 2.9.c compares for
similar growth time (~ 16 minutes), the ellipsometric spectra of epi-Si films grown on a HF cleaned
wafers and a wafer cleaned with SiF, plasma. The spectrum of the “out-of-box” Si substrate (that has
a native oxide) is plotted in dashed line. We notice that the crystalline quality, as judged by E.
intensity, is a bit higher for SiF, cleaning. However, looking at the oscillations at low energies, the
SiF, cleaning shows a wider amplitude. As introduced in Figure 2.9.e, it suggests that the interface
between the substrate and the epitaxial layer is less smooth than that of HF cleaned sample.

Two main ways of cleaning the surface of Si substrates prior to epitaxial growth have been
presented: 1) by dipping the wafer into 5% diluted HF, or 2) by using SiF, in-situ plasma cleaning
followed by a short H. exposure. In this chapter, all the samples grown in Octopus will be prepared
with HF (when the contrary is not specified). Also, in the next chapters, (especially Chapter III), in-
situ cleaning will turn out to be essential for GaAs surface preparation prior to the heteroepitaxial
growth of Si on GaAs. More details will be given in due time.

I1.2.2. Effect of annealing on a 1.5 pm thick epi-Si layer: structural analysis

We just presented experimental background on the growth of epitaxial silicon on (100) Si wafers,
and especially its transfer from the old Arcam reactor to the new industrial Octopus reactor: the
importance of SiH, flux for the film crystallinity. As the tandem solar cell targeted in this PhD
requires a thick Si layer, we aim at growing thick epi-Si on Si. This section is dedicated to the
material study of a layer of 1.5 um on (100) Si substrates, and the effect of annealing at different
temperatures on the structure of the epi-Si, in order to assess its stability over annealing. Then,
thicker layers up to 10 um will be grown and their quality will be assessed. The best conditions for
growing epitaxial Si on (100) c-Si substrates in an industrial PECVD reactor Octopus have been used
(HF cleaning + epi-Si conditions of Figure 2.9.a). Prior to each growth, the chamber is cleaned with
in-situ NF; plasma, and a precoating of the chamber walls is performed with a-Si:H for 5 minutes.

Thick intrinsic (non-intentionally doped) epi-Si films are grown on top of 525 um thick p-doped c-Si
substrates at 200°C. Prior to epitaxial growth, the wafer native oxide was removed by dipping the
substrate into 5% diluted HF for 30 seconds. A 1.5 um thick Si layer has been deposited on several
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Figure 2.10 - a) Ellipsometric spectra of of the samples as-deposited, and annealed at 250°C, 300 °C and 350 °C,
along with a zoom on the low energy oscillations b) zoom on the characteristic peaks at E; and E,
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identical 4 inch wafers, from the dissociation of an SiH,/H. mixture, with a pressure of 2 mbar and a
RF power of 50 W, using 500 sccm of H, and 30 sccm of SiH,. The growth was performed at 200 °C.
Then, the substrates were cut, and 5 different samples have been studied. One is kept in the as-
deposited state, and 4 others have undergone an annealing step, using a rapid thermal annealing of
3 minutes under forming gas, with temperatures ranging from 200 °C to 350 °C. We present here
first the material studies in order to assess the structural impact of these annealing. The imaginary
part of the pseudo-dielectric function of the samples is shown in Figure 2.10.a. It exhibits the two
characteristic peaks of crystalline silicon, with an E. peak intensity above 45, and an E, peak around
38. By looking closely to this peak Figure 2.10.b, we see that increasing the annealing temperature
seems to slightly increase the E, value, thus the crystalline quality.

XRD analyses of the same samples were then performed to confirm these behaviors, and are
reported in Figure 2.11.a. The first observation that can be made is that, even if we are having an
homoepitaxial growth of Si on Si, two different peaks can be distinguished. On the right at 69.15
degrees, is the diffraction peak due to the Si substrate, and on the left, a second peak corresponding
to the epitaxial layer can be distinguished. This difference in diffraction angle has already been
observed on PECVD epi-Si materials: its intrinsic lattice parameter is slightly different from a bulk
substrate Si, and this difference is widely dependent on the growth conditions, mainly hydrogen
content **. Epi-Si has a bigger out-of-plane lattice parameter than bulk-Si. The intensity of the
peak of the as-deposited sample and its FWHM (below 0.03 °) demonstrate very good quality of the
grown film.

For the as-deposited and annealed at 200°C samples, the diffractograms are similar. This result is
understandable, as annealing temperature is the same as growth temperature. No significant change
in the crystalline structure has occurred. On both curves, we can distinguish some fringes that
correspond to a certain thickness. But the oscillations due to a 1.5 um thick layer would have a
periodicity so low that we could not distinguish it with our measurement set up (see Figure 2.11.b).
Thus, we performed simulations with Leptos software, in order to understand the origin of these
oscillations. Figure 2.11.d. shows on the same curve the diffractograms of the as-deposited sample
along with a simulation that fits with the peaks position and the oscillation periodicity. As expected,
the oscillations due to the 1.5 um sample are very narrow. The wider oscillations have been fitted by
adding a second layer and changing its thickness. Actually, to really match the experimental results,
it revealed that the small peak in-between the substrate and the layer peak is not an oscillation but
an actual peak corresponding to a layer that has another lattice parameter. Figure 2.11.h. gathers the
main parameters of the fitted layers: their peak position, the corresponding lattice parameters, the
FWHM and the layer thickness. While the epitaxial layer is found to have a lattice parameter of
5.443 A, the second layer that we can distinguish has a lattice parameter closer to that of the
substrate, 5.436 A, and a thickness of 150 nm. XRD does not provide the possibility to know where
this layer is located. It can be located on top of the layer, or at the interface between the substrate
and the epitaxial layer corresponding to the first stages of growth.
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sample, g) 350 °C annealed sample. h) fit parameters obtained from simulation of as-deposited sample.
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After annealing, the film peak is widely impacted. To have a better insight on the effect on the film
peak shapes, Figure 2.11.b. shows those peaks in a linear scale. The peak positions and peak FWHM
are gathered in Figure 2.11.c. First, we do not see the oscillations previously studied, nor the peak in
between. We may believe that this layer has been accommodated either the substrate lattice
parameter, or to the layer. It is also possible that the distribution in lattice parameter of this peak is
smoother, leading to a high FWHM that does not allow us to distinguish the peak nor the thickness
fringes. Contrary to what we could have deduced from ellipsometry, the XRD measurements show a
reduction in intensity of the layer peak, thus in film quality. At 250 °C, the intensity drops, and the
substrate peak is shifted. Thus, the quality has been affected, and the lattice parameter of the layer
has been slightly lowered. Then, for higher annealing temperature, the peak intensity keeps on
decreasing. The diffraction angle is back to its as-deposited value. We do not really explain why the
250 °C has shifted in lattice parameter whereas higher temperature does not change it. At 350 °C,
the XRD film peak is drastically decreased (red curve), with a large FWHM above 0.07 °. The peak
substrate also seems to be wider, this shape often corresponds to a relaxed layer.

Reciprocal space mapping (RSM) on {224} planes has been performed in order to have an insight on
the relaxation of the layers. We show in Figure 2.11 the {224} RSM of three samples: e) as-deposited,
f) annealed at 300 °C, g) annealed at 350°C. On each mapping, the intense substrate peak can be
seen on top, above a second peak. For as-dep and 300 °C annealed samples, the film peak is
vertically aligned below the substrate peak, which means that the film is fully strained by the
substrate: the in-plane parameter a,, is equal to that of the substrate. The same behavior is found for
the 200 °C and 250 °C annealed samples, as well as the 300°C annealed sample, as seen in f).
However, as far as the 350 °C annealed sample is concerned, we see that the layer peak is shifted to
the left, resulting in a partly relaxed film. Furthermore, the widening of the peak is characteristics to
the mosaicity of the layer following {224} planes, as introduced in the description part, Figure 2.7.d.
Thus, the atomic planes of this layer are not fully aligned together nor with the substrate planes.
There is a slight dispersion in horizontal atomic planes orientations.

Microscope images of the surface of the samples are presented in Figure 2.12. While the surface
seems to be smooth for low temperature annealing and up to 300 °C, we notice that the 350 °C
annealed sample presents some “bubbles”. This is attributed to the presence of hydrogen in the
layer. Heating above 350 °C causes the formation of H. molecules that accumulate at hydrogen
traps, mainly the interface between the epi-layer and the Si layer. This phenomenon is called
blistering®. This result is actually consistent with the behavior seen at low energies in the
ellipsometric spectrum. As seen in the inset of Figure 2.11.a, the 350 °C annealed sample has much
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Figure 2.12 - Optical microscope images of the sample surface for different annealing temperatures
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wider amplitude than the other samples. It is the proof that the interface between the substrate and
the epitaxial layer contains a low optical index material, such as SiO., a high roughness modelled by
a “void” material, or, most probably in our case, hydrogen. The presence of these H. bubbles also
explains the mosaicity observed in RSM {224} measurements, because they would be responsible
for local bending of the layer. Also, the formation of bubbles at the interface between the substrate
and the film lowers the strain induced by the substrate crystal lattice, hence the relaxation of the
grown film for the blistered sample.

Actually, the blistering of epi-Si also depends on the film thickness. We have observed on other
samples that thin epitaxial Si layer (below 500 nm) does not lead to such blistering after 350 °C
annealing. This may be due to the fact that hydrogen can more easily reach the surface and
exodiffuse out of the sample, while thicker layers contain more hydrogen, that have more probability
to meet another hydrogen in the layer before being exodiffused.

The material studies of the 1.5 um-thick epitaxial Si film grown by PECVD before and after
annealing showed that the crystalline quality of the film is very good for as-dep and 200°c annealed
samples, as proven by XRD measurements. For higher annealing temperatures, the ellipsometric
spectra show a higher amplitude of the peak at E,, while X-ray diffraction shows a reduction in the
diffracting volume as temperature increases. These different trends may come from the fact that at
E: = 3.4 €V, the photons are probing only the top part of the film, (the penetration depth is in the
range of 10 nm), while XRD probes the whole volume. After a 350 °C annealing, two phenomena are
observed: the film is relaxed, and some H., blisters start to appear, leading a strong mosaicity of the
film, and its relaxation.

We will thus have to keep in mind that the thermal budget is crucial in keeping a high Si quality and
to prevent blistering of the layer. We will avoid as much as possible to anneal epitaxial Si films
deposited at 200 °C to temperatures above 300 °C.

I1.2.3. Towards thick epi-Si layers

For the targeted tandem device, we are willing to grow thick layers of Si. We try here to assess the
quality and electrical properties of epi-Si. It has already been reported that a critical thickness is
often observed, above which epitaxy breaks down into amorphous or polycrystalline material®.
While the optimization of the growth conditions, mainly the SiH,/H. ratio, has shown a strong
dependency of the crystal quality for low thicknesses. If the deposition parameters are slightly
different from the optimum value, an epi-breakdown can occur. Epitaxy breakdown has been
studied by Eaglesham et al*’. using MBE below 500 °C, who reported an abrupt transition between
epitaxy and amorphous deposition and proposed several origins of such breakdown: 1) the defect
accumulation in epi-layer that continuously buildup lattice disorder in the epitaxial layer, 2) the
segregation of H or impurities that modifies surface coverage, 3) the roughening of the surface.
Indeed, low temperature epitaxy of Si often leads to a surface roughening that increases over
deposition time®®'. It appears that the lower the growth temperature is, the lower the critical
thickness for epi-breakdown. Thus, we may worry about the growth of thick epi-Si layers (> 10 um).

Previous studies have already performed at LPICM using in-situ ellipsometry during growth, and

showed no epitaxy breakdown for the used conditions92. Actually, it even showed an increase in the
quality during the growth by probing the intensity of E. during the growth.
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Figure 2.13 - a) ®-20 XRD scans of samples with various thicknesses: 1.5 um, 3.1 um and 6.4 um, b) zoom on the epi
layer peak in linear scale, c) lattice parameter, peak position and FWHM deduced from XRD data d) ellipsometric
spectra of 1.5 um and 8.6 um samples, e) evolution of deposition rate as a function of the thickness of the film.

With the same experimental conditions than in previous part, thicker absorbers were grown on top
of p++ Si wafers. The ellipsometric spectra of the thicker layer (8.5 um) is plotted in Figure 2.13.d.,
together with the previous 1.5 um layer spectrum. We see that there is no epitaxy breakdown, and
that moreover the crystallinity seems to have improved, as judged by the higher intensity of both E,
and E. peaks. The low energy part does not provide enough information to determine the actual
thickness of the layers. Thus, the thickness has been assessed by performing SEM images. The
deposition rate (thickness/time) is actually not linear along deposition time. We plot on Figure
2.13.e the deposition rate calculated as a function of the layer thickness. We see that the deposition
rate for a small thickness (below 100 nm) is around 1.55 A/s. For thicker layers, it increases up to 1.8
- 1.9 A/s. The possible explanation for such an increase in deposition rate could be the
thermalization of the substrate holder. The substrate may not had time to be at the stable
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temperature of 200 °C for the thin calibration sample (only 10 mn deposition), resulting in a lower
growth rate. However, for the thicker layer that we grew (8.5 um), the deposition rate has dropped
to 1.2 A/s. No in-situ characterization is available in the reactor, thus we cannot assess the evolution
of the deposition rate over time, and thus, we do not have more information on the possible
different stages in the growth.

XRD analyses of the different samples are gathered in Figure 2.13.a. with a zoom on the peak in
Figure 2.13.b. We had troubles in measuring the 8.5 um thick sample because of alignment issues.
Figure 2.13.c. gathers the corresponding lattice parameter and FWHM. As expected, the intensity of
the layer peak increases with the thickness. The FWHM remains good (below 0.04°) but slightly
increases with thickness, showing a slight decrease in crystal quality or a bigger mosaicity. {224}
RSM (not presented here) have shown that the layers remain strained for each measured layer, but
that the layer peak is widened.

The SEM cross section images of each sample are gathered in Figure 2.14.(a to d). The epitaxial layer
is easy to distinguish from the substrate, as it appears darker due to the presence of hydrogen. The
thickness measurements of the layer were done based on these images. While up to 6.5 um the layer
seems homogeneous, the 8.8 pum one show a very inhomogeneous layer. Several contrasted layers
can be observed, probably due to several hydrogen contents in the layers. This is not consistent with
the fact that the 6.5 pm growth happened homogeneously. We actually believe that there were issues
during the process, probably due to plasma instability or shut down.

Another interesting feature can be detected: the surface of the sample contains lots of defects as big
as the deposited layer, as seen in Figure 2.14.e and f. Acetone cleaning under ultra-sounds did not
remove those defects that are not volatile powders. The size of the defects, comparable to that of the
deposited layer thickness, as well as the fact that is seems to have some craters formed around the
defects lead us to one hypothesis: a deposition of thick particles has occurred during the growth,
probably a peeling from the walls of the reactor. A more specific investigation of the surface has
been performed in order to know the nature of these defects. Raman spectroscopy has been
performed on several areas of the surface. Figure 2.14.g shows the microscope view of where the
Raman measurements have been performed. We investigated two spots: the defect (red spot) and
the surrounding material (blue spot). As seen in the Raman spectrum Figure 2.14.h, the defect has a
signature of an amorphous layer, with a Raman shift around 490 c¢cm, which may come from the
amorphous layer that is deposited in the meantime in the chamber walls. After a certain growth
time, the walls of the chamber accumulate some deposition of amorphous silicon, and start peeling
under its strain. In this reactor, the samples are not place upside down, but at the bottom. Thus,
when the reactor walls start peeling, parts of amorphous layers fall down on the wafer surface.
Meanwhile the PECVD growth keeps on happening around these amorphous defects, and the
material deposited stays crystalline, as it is revealed by its Raman signature of the blue spot, with
high intensity at 520 cm™.
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Figure 2.14 - a)b)c)d) cross-section SEM analysis of samples with thicknesses of 1.5 um, 3.1 um, 6.4 pum, 8.5 um,
along with the thickness measured thanks to this image. e)f) SEM images of the surface of the 8.5 um sample, g)h)
Raman spectroscopy spectra of the material on different surface spots : a defect, and the smooth surface of the film
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Conclusions and perspectives to grow thicker epi-Si

The growth of thick Si layers with good crystalline quality up to 6. 5 um has been achieved, with a
deposition rate around 1.8 A/s. For higher thicknesses, it resulted in a material that is still
crystalline as judged by the ellipsometry and the Raman shift, but that seems inhomogeneous, and
especially that suffered from the peeling of the PECVD reactor walls. A possible solution for further
enhancement of the epi-Si thickness is to unload the sample from the chamber after a certain
thickness (about 6 pm), clean the chamber with in-situ NF; plasma, and perform a small precoating
of the chamber with another grounded electrode (the previous one is a sample holder). If the sample
is kept under vacuum in the load-lock, it can be reinserted in the clean deposition chamber so as so
pursue the growth. This solution has not been tested yet, but is one of the main perspectives to grow
Si layers thicker than 10 pm. Also, an issue that remains is the low deposition rate, which is around
1.8 A/s under the present conditions. To grow this 8.5 pum layer, the deposition lasted 20 hours,
which is way too much to be implemented in industry. Routes to improve this deposition rate are
under study, and a deposition rate of 8.3 A/s has already been achieved in our lab *, leading to a
highly hydrogenated crystalline silicon that contains amorphous cones. The use of Octopus with its
high purity vacuum and the possibility to grow at temperatures up to 400 °C opens the path to
growing good epi-Si at high growth rates.
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I1.2.4. SiGe: material calibration

To reduce the required thickness of the bottom cell, it has been shown in the introduction chapter
that we can alloy Si with Ge. Indeed, the absorption coefficient of SiGe increases with the addition of
Ge”. Thus, to obtain the same tandem efficiency, a much thinner SiGe would be required. We
propose in this part to study the growth of Si..«Gex alloys by LT-PECVD on top of Si wafer. Si;«Gex
has a tunable bandgap whose value can change from 1.12 eV (Si) to 0.67 eV (Ge), depending on Ge
content and strain®. A complete presentation of SiGe growth can be found in the book from John D.
Cressler”. As already introduced in the first chapter, such SiGe material is already used in
photovoltaics as a graded buffer layer to grow III-V on silicon. Ge and GaAs have the same lattice
parameter, thus using SiGe graded buffers helps reducing dislocation density when growing GaAs
on Si substrate. Moreover, SiGe, with its tunable bandgap, is also a good candidate as a bottom cell
for SiGe/III-V tandem solar cells. For example, tandem solar cells of lattice-matched GaInP on Si,-
«Gex have recently reached 18.9 % of efficiency, with x=82%, corresponding to a bandgap of 0.86 eV
that is current matched with their top cell®®”’. Low temperature PECVD of Ge has already been
demonstrated in the lab on top of GaAs® substrate, and as Si/Ge multi layers on GaAs *. Also, c-Ge
growth on Si has been demonstrated '® on top of Ge substrate and Si substrate. Furthermore, some
first results have been demonstrated on the Arcam reactor*, studying the growth of Si,«Gex on Si
substrate with various Ge content up to x=35 %. We propose here to investigate in the new reactor
Octopus the growth of Si,.xGe, with various Ge content, and various thicknesses.

We aim at growing thick SiGe layers up to 5 um, and we aim at reaching Ge contents as high as
possible. The modelling work presented in Chapter 1 was focused on Sio;3Geo52. In the new
Octopus reactor, we propose to develop the process conditions to grow crystalline Si,«Gex for
various x values, and to reach high thicknesses. The corresponding heterojunction solar cells will be
presented in section II.3. But before depositing thick layers, we first developed the recipe for small
thicknesses to be sure to have epitaxial growth, and to calibrate the amount of Ge incorporated in
the layer for a certain conditions. The depositions were made in Octopus reactor at 175 °C on (100)
Si wafers after an HF cleaning. The pressure was fixed at 2 mbar and a RF power at 50 W. The
precursors used were SiH,, H., and GeH, diluted at 1% into H..The GeH,/(SiH,+GeH,) ratio has
been varied in order to incorporate different amounts of Ge. Most of the calibration samples have
been done with a short deposition time of 16 minutes.

To determine the percentage of germanium incorporated into the epi-Si,«Gey, the lab has commonly
used ellipsometry up to now. We propose to compare it to XRD measurements. We show here the
calibration of a few samples in order to compare the obtained values. As the GeH, is diluted at 1% in
H., we always keep the sum H.+GeH, constant, in order to keep roughly the same amount of H. in
the plasma. The ellipsometric spectra of the two samples grown with different gas flow rates are
displayed in Figure 2.15.a, along with the references of c-Si and c-Ge. We see a clear evolution of the
pseudo-dielectric function. The more Ge there is the gas mixture, the more the E, peak (around 3.4
eV) shifts towards lower energies and its amplitude decreases. It corresponds to a higher
incorporation of Ge in the crystal. By fitting the ellipsometric spectra with the simulated structure
represented on the right, the layer thickness and stoichiometry are deduced. The XRD
measurements on the same two samples are shown in Figure 2.15.b. When the ratio
GeH,/(GeH,+SiH,) increases, the diffraction peak shifts to the left, toward lower angles. Si,.«Gex

lattice parameter follows the following equation™":
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Asige(x) = (1 — x)ag; + xag, Fq23
It means that he more Ge is incorporated, the higher its lattice parameter, and thus the lower its
diffraction angles, which is consistent with the observations. The thicknesses and Ge contents
deduced by both XRD and ellipsometer fits are gathered in Figure 2.15.c. If we compare both fits,
the results for thickness and Ge content are very similar from one technique to another. Thus, in the
rest of this part, we will characterize the germanium content in our Si,-«Gex grown layers only by

means of XRD. Reciprocal space mapping (RSM) along {224} planes will also give us information on
the strain or relaxation of the layers.
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Figure 2.15 - a) and b): ®-20 XRD scans and ellipsometric spectra of three Si,,Ge, samples with various
GeH4/(SiH4=GeH4) grown in Octopus reactor. c) Comparison of Ge content deduced from ellipsometry and XRD
fits for several H,/SiH,/GeH, conditions.

It is worth noticing the big change in thickness from one sample to the other. For all the depositions
that have been done with various gas flow rates, we plotted the deposition rate as a function of the
Ge content in Figure 2.16. The growth rate of Si,xGex strongly decreases with the increase in Ge
content. A few samples grown in Arcam reactor are also plotted in this graph, and show the same
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trend. We also tried to deposit Si,«Gex with x=70 %. The deposition was actually amorphous, but it
revealed a really low deposition rate, below 0.1 A/s. Actually, this behavior does not follow the usual
observation found in literature. For example, for SiGe grown by UHVCVD it has been reported that
the growth rate increases with Ge content. By low pressure CVD it has also been observed that the
more Ge is incorporated, the higher the growth rate '*, especially at low temperatures. Same trend
was observed with atmospheric CVD experiments'®. In our case, we suspect that this diminution in
growth rate is due to the fact that we are limited by the mass flows. As already mentioned, the GeH,
is diluted at 1% in H. and the flow rate is limited to 100 sccm. Thus, to incorporate enough Ge, we
have to drastically decrease the SiH, flow rate in order to increase the GeH,/(SiH,+GeH,) ratio.
Consequently, there are fewer precursors in the chamber that are available for the deposition, which
strongly decreases the deposition rate. In order to keep a constant deposition rate, it would require a
GeH, bottle that is less diluted into H..
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Figure 2.16 - Deposition rate as a function of Ge content for various calibration samples in Octopus reactor (squares)
and Arcam reactor (triangle): Deposition rate strongly decreases with %Ge. Too high %Ge leads to amorphous growth.

I1.2.5. Thick Si1-xGex

We propose now to grow thick layers of SiGe with increasing Ge content. We aim at achieving the
highest %Ge with the highest thickness, in order to integrate it in a tandem solar cell configuration.
Taking into account the growth rate determined for small thicknesses, we targeted to grow 1 pm
thick Si,.«Gex layer with x = 7, 18, 28 and 32 %. The growths were performed with the following fixed
parameters: the chamber temperature is set at 175 °C, the pressure is of 2 mbar, and we used a RF
power of 50 W.

The resulting XRD measurements of each sample are shown in Figure 2.17.a. The targeted %Ge
shown in Figure 2.17.b were deduced the thin calibration layers deposited with the same process
parameters. We notice that the Ge content extracted from the XRD measurements slightly varies
from its nominal value for the sample with 28% of Ge which is now of 25.8%. We also notice on the
diffractograms for x> 13.5 % show some secondary peaks on the left (double peak for 13.5 % and a
shouldering for 25.8 %) corresponding to thin layers with higher contents. For the 13.8% layer, two
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low peaks are visible around 67.9° and 67.4 °, corresponding to Si,«Gey layers with x~26 % and x~34
%. The low intensity and the high FWHM of these layers reveal their low thickness, or some
relaxation. To have a better insight in the relaxation of these layers, {224} RSM of the sample with
13.8 %Ge is displayed in Figure 2.17.c. The double peak close to the substrate corresponds to some
optical artifacts and must not be taken into account. In this mapping, we see that all the peaks are
vertically aligned with the substrate peak, showing that the layers are not relaxed. The three
different peaks are visible (indicated by white arrows). Thus, those 3 peaks correspond to three
actual SiGe layers with various Ge content. Thus, during the growth, the incorporation of Ge in the
film is not perfectly constant. It would be of interest to understand better why this incorporation is
not constant, and when the change is occurring. Is it a graded layer? Is there more and more Ge
incorporated during the growth? It could be due to the conditioning of the reactor walls that contain
more Ge that also participates to the incorporation by memory effect?

Looking now at the 32% Ge layer, (red curve), the diffraction angle is higher than that of the 25.8 %
(pink curve), whereas it should be lower in a strained configuration, because the lattice parameter
follows Eq.2. We notice that the FWHM of the 32% peak is way higher than that of other samples
(0.27 °). Performing an RSM mapping along {224} planes (Figure 2.17.d.) actually revealed that the
grown layer is partially relaxed. The relaxation rate deduced from the {224} RSM is of 0.45. Thus, it
is natural that the w-260 scan shows a peak shifted to the right. By taking into account this relaxation
value into the Leptos simulation, the calculated Ge content is found to be 32.5 %, which is very close
to the expected content of 32 %.

In the table of Figure 2.17.b, we also give information on the thicknesses that were deduced from
cross-section SEM images, along with the new calculated deposition rate. The thickness targeted
was 1 um. We notice that the measured thickness is actually different from the expected one. For x <
13.8%, the deposition rate is higher than expected, and for x > 25.8%, the deposition rate was over-
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Figure 2.17 - ®-20 XRD scans of Si, ,Ge, for various x values, aiming at a thickness of 1 um b) fitted parameters
deduced from XRD (diffraction angle, Ge content, FWHM) and SEM (thickness) d), RSM of the samples with x=13.8%
and x=32.5% samples: the latest is partly relaxed.
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estimated. It raises several questions about the growth: is there any incubation time at the beginning
of the growth? Is there an impact of the thermal stabilization? Is the presence of additional layers
with higher content responsible for a non-uniformity of the deposition rate? Anyway, if we plot the
deposition rate as a function of the %Ge for the thick layers, we see that the deposition rate for “1
um” layers roughly follows the trend already observed with the thinner calibration samples. The
difference in deposition rate over thickness rate may not be that significant, as seen in Figure 2.16.b.

To conclude this section, we studied the effect of adding GeH, into the SiH,/H. plasma, and made
the following observations. First, the deposition rate strongly decreases with the Ge content, due to a
decrease of SiH, flow rate. While pure Si is grown at a deposition rate of 1.8 A/s, that of a Sio;2Geo.2s
layer is only 0.6 A/s. The deposition rate (which is calculated as the ratio of the film thickness over
deposition time) is not constant during growth, as judged by the thickness obtained after long
growth. The lack of in-situ characterization prevents us to have a better insight of the reasons of this
change. We also find that thick Si,.«Gey layers contain some additional layers with other lattice
parameters, thus Ge content. We also observed that for 32.7% of Ge, the epitaxial layer is partially
relaxed.

We propose to focus on one sample, with the growth conditions leading to 25.8% of Ge, and to vary
its thickness and growth temperature so as to have a better insight on the effect of these parameters
on the layer quality and its strain.

I1.2.6. Strain relaxation in Sio.75Geo.25

In SiGe epitaxial growth, SiGe layers of a certain composition are fully strained to Si substrate only
under a certain critical thickness (pseudomorphic growth). Indeed, the SiGe layer, whose lattice
parameter is mismatched with that of the Si substrate, is elasticly strained. However, it takes energy
to accommodate this strain, depending on the lattice mismatch (thus the Ge amount) and on the
thickness. It also requires energy to create a dislocation that will relieve the lattice mismatch strain.
Thus, if the layer thickness is kept small enough to maintain the elastic strain energy below the
energy of dislocation formation, the strained layer will be thermodynamically stable against
dislocation formation. Above a certain thickness, the energy necessary to accommodate the strain
becomes higher than that of dislocation formation. The strained layer will thus relieve the strain and
become relaxed. Once the epitaxial layer reaches this critical thickness, the strain is relaxed, creating
threading dislocations in the SiGe layer, and mostly misfit dislocations at the interface. This critical
thickness is also dependent on the growth temperature. Figure 2.19.b. adapted from Hull et al.'®,
shows the reported critical thicknesses as a function of Ge fraction for three growth temperatures:
550 °C, 750 °C and 900 °C. The more Ge is incorporated, the smaller is the critical thickness. At 550
°C, the critical thickness is one order of magnitude higher than that of a SiGe grown at 9oo °C. At
lower growth temperatures, the critical thickness is higher due to kinetic restriction of the
relaxation.
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Figure 2.18 - ®-20 XRD scans of SiGe25.8 with increasing thicknesses: 0.5 um, 0.9 um and 1.7 um, b) Deposition rate
as a function of Ge content for the thin calibration layers (<200 nm) and the thick layers. c)d), RSM of 0.9 and 1.7 um
samples: the latest is partly relaxed.

In case of our low-temperature PECVD layers, we already observed on SiGe with 32.5 % of Ge that a
880 nm layer is relaxed, thus above the critical thickness of the layer. We propose here to grow with
the process conditions of SiGe.s s different thicknesses: 500 nm, 900 nm and 1.7 um. The different
samples were grown with the same PECVD parameters (P= 50W, p=2 mbar, H,/SiH,/GeH, =
400/100/5), only the deposition time has been varied. The thicknesses have been measured on SEM
images. The XRD analyses of the three samples are gathered in Figure 2.18.a. For 500 nm and 900
nm, both peaks have similar shapes, however, it is slightly shifted. Simulations give us a Ge content
of 25.6 % for 500 nm. We consider that this shift is negligible. For the thinner layer (500 nm, black
curve), we notice that there is a visible large peak on the left of the film peak (centered around 67 °)
that could be the proof of the presence of a thin layer of SiGe with x = 37 %. The 900 nm layer is
fully strained as deduced from the vertical alignment of the two diffraction peaks of the {224} RSM
shown on Figure 2.18.c. In contrast, the 1.7 um layer shows a partially relaxed layer, with a
relaxation rate of R=0.27. By implementing this value in the model to determine the Ge content in
the layer, we calculate x = 26.9 %.

We also proposed to study the effect of the substrate temperature on the properties of Si,-«Gex layers.
To do so, we kept the process conditions (P= 50W, p=2 mbar, H./SiH,/GeH, = 400/100/5) and
grew several layers at 150 °C, 175 °C and 200 °C. The XRD and {224} RSM are not displayed here
but revealed an unexpected trend: the layer grown at 150 °C is relaxed with R=32 %, while the two
others are strained. Their Ge content and thicknesses deduced from XRD are gathered in Table 2.1.
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The Ge incorporation has actually changed with growth temperature. The higher the growth
temperature, the lower the Ge incorporation, which is actually consistent with the results found in
literature'®'%. While theoretically, at higher temperatures the critical thickness is higher, as seen in
Figure 2.19.a, here, only the material grown at lower temperature (150 °C) is relaxed. This may not
be a direct effect of the temperature, but rather due to the fact that the Ge incorporation is different.
The layer grown at 150 °C exhibits the highest Ge content (27.7 %).

Table 2.1 - Relaxation, %Ge and thickness for Si,,Ge, materials grown at various temperatures for
(H,/SiH,/GeH,) = (400/5/100)

150 °C 0.32 27.7
175°C 0 25.8 895
200 °C 0 23.7 805

We report on Figure 2.19.a. some data points corresponding to our samples grown by LT-PECVD at
175°C, as compared with the critical thickness of Si,-«Gex from literature. The open symbols show the
layers that are fully strained, thus below the critical thickness. The full symbols correspond to the
three samples that are partly relaxed. We see that the low temperature of our process enables to
increase drastically the critical thickness of the Si,.«Gey layer as compared to more standard growth
techniques occurring above 500 °C. We will propose in the next section to fabricate heterojunction
solar cells and compare the performances and material quality of each of those Si.-«Gey layers.

As a conclusion on Si,.\Gex materials grown by low-temperature PECVD, we gathered most of the
samples presented in this study in Figure 2.19.b. Each color means that they were grown with the
same H./SiH,/GeH, flow rates. Dashed lines are displayed as guide to the eyes. We see that the Ge
content is rather stable for fixed parameters, even if the XRD measurements have shown the
presence of some additional layers with higher Ge content. Some SiGe layers are partly relaxed: for a
Ge content above 27.7%, the layers are already relaxed for a 1 um thick layer, and a layer with 26.9 %
of Ge is relaxed for 1.7 uym while it is not for oo nm. We observed the impact of the growth
temperature on the Ge incorporation. At 200 °C, the Ge content is much lower than at lower
temperatures (150 °C). We also showed that the deposition rate is not really constant over growth
time, even if it is negligible as compared to the change in growth rate caused by the increase in Ge
content. It has been attributed to the diminution of SiH, flow rate, which strongly reduces the
available Si atoms in the plasma to be incorporated into the grown layer. While 7% of Ge grows at
2.2 & /s, SiGe samples with 32 % Ge have a deposition rate below 0.5 A/s. The high dilution of GeH,
in H, (1%) gave us less room for Ge content adaptation, as it is diluted at 1% in H.. It would require a
lower diminution of SiH, flow rate for the same Ge incorporation thus leading to a less low
deposition rate.. Also, a much more precise control of the Ge content, as well as the incorporate of
more than 35 % in the layer would be possible.

52



I1. Low Temperature PECVD epitaxial growth of Si(Ge)

00 01 02 03 04 05 06 0.7
a) : : :

[ | S | — Theory
- ° * 900 °C
. © m 750°C
= i o @ 175 °C partly relaxed
Y [ A 150°c | O 175 °C strained
2 I
Q@ 100}
= C
2 -
- i
= I
S 10p
= i
o i
1 L | L | L | L | L | L | L |
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
Ge content
35 .
b) e oo m o m - ;'_‘;’: | i Relaxed layers
0 50 °C o]
26 | ®-----@------""TT7T 0]
X 200 °C
= 20 B -
c
£ 16
S "V Ao A T
(&) i -
o 10 @175 °C H,/SiH,/GeH,
O S P g - M- 430/35/70
5F - A- 410/15/90
i - @- 400/5/100
0 , | . | - %- 400/3/100
0 500 1000 1600 2000

Thickess (nm)

Figure 2.19 - a) Critical thickness of SiGe reported from Hull et al. 197 as a function of the growth temperature,

compared to our samples. Low-temperature PECVD has a higher critical thickness than other techniques b) Ge content
as a function of thickness for various growth conditions.
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In section II.2, we presented the growth of Si on Si substrates and the influence of annealing at
various temperatures on its structural properties. We also assessed the growth of Si with thicknesses
up to 6.5 um, and proposed pathways to growth thicker layers while keeping good structural
properties. We also presented the growth of Si..«Gex alloys, pointing out the influence of the Ge
content on the deposition rate, analyzed the strains in the grown layers and studied the influence of
growth temperature on the strain and composition. From all these layers grown, we propose now to
assess their electrical properties by integrating them into heterojunction solar cells. In the following
section, solar cells will be fabricated from the Si and SiGe epitaxial layers, and their electrical
performances will be characterized.

I1.3. Solar cell fabrication

This section focuses on the heterojunction solar cells fabricated with the epitaxial layers presented
previously. We will first introduce the fabrication process and the characterization techniques used
to measure their efficiency. Then, the Si and Si,«Ge, heterojunction solar cells will be characterized
and the results will be discussed.

I1.3.1. Fabrication process and electrical characterization tools

[1.3.1.1. Process

After epitaxy, several process steps are required in order to have a full solar cell device that can be
measured. We present here the details of the structure of the heterojunction solar cells that will be
fabricated. Note that the process flow for III-V solar cells is different, and requires more advanced
clean room processing that will be the subject of Chapter 4.

The structure of a typical solar cell is pictured in Figure 2.20.a. On top of the epitaxial layer, a thin (5
nm) a-Si:H is deposited to form the heterojunction, followed by a n-type a-Si:H contact layer. On
top of it, Indium Tin Oxide (ITO) is deposited through a physical shadow mask. It acts as an anti-
reflective layer and ensures lateral conduction of the carriers. Then, a front contact is deposited
through another shadow mask, with a central busbar and perpendicular metallic fingers.

To deposit the metallic contacts, two main techniques are available: evaporation and sputtering.
Evaporation deposition is directional; however, it does not ensure a very good adhesion of the metal
on the wafer. The second deposition technique is the sputtering. Under vacuum, an Ar plasma is
created and directed towards a target. This target can be the metal (Al, Ag), or an alloy (ITO). This
technique leads to a metal that has a better adhesion, however, the deposition is less directional. For
the realization of the front grid, sputtering is not adapted, because we use a physical shadow mask
that is not perfectly in contact with to the wafer. When using sputtering, the metal would be
deposited below the borders of this mask, and will thus have wider patterns than expected,
introducing more shadowing. Thus, for the front contact, evaporation will be preferred. The same
process flow has been applied to all the materials studied earlier : 1.5 um of epi-Si annealed at
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different temperatures, thick epi-Si up to 10 um, and Si(Ge). This work received great help from
master’s student Clément Lausecker.

a) Ag

n++ a-Si:H (120nm)
a-Si:H  (5nm)

epi-Si(Ge)

p++ c-Si substrate

Al

Figure 2.20 - a) Structure of the heterojunction solar cell grown and processed, b) top-view picture of the device
after ITO deposition and metallization : one 2x2 cm’ and two 1x1 cm’ cells can be distinguished.

I1.3.1.2. Electrical characterizations

Two main characterization techniques are used to assess the electrical properties of our solar cells:
the J-V characteristics under solar simulator give us the efficiency of the solar cell, and External
Quantum Efficiency (EQE) helps us to have a better insight on the carrier collection depending on
the wavelength. The principle of those two characterization techniques is presented here, along with
the information we can deduct from them.

When a photon reaches the semi-conductor (SC), it is absorbed if its energy is above its bandgap,
and an electron-hole pair is created into the SC. The photogenerated carriers will recombine after a
certain time (carrier lifetime). In order to collect these photogenerated carriers, the use of a p-n
junction is required to spatially separate electrons and holes and prevent them from recombining. In
a p-n junction, electrons that are in high concentration in the n-type part diffuse towards the p-type
side, while hole flow from p-side to n-side. By diffusing, they leave behind some fixed charges on
dopant atom sites. Close to the junction, positive ions are left in the n side and negative ions in the p
side. This fixed-charged region is called the space-charge region, in which an electric field is formed.
This electric field will be the one separating the photogenerated carriers, leading electrons to the n-
side and holes to the p-side. If both sides are connected by a metal, the light-generated carriers will
flow through an external circuit, thus delivering a current.

In the dark, the current density J generated by a solar cell is described by the following equation :
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1= sofewp (a) 1] e

Where V is the applied voltage, k the Boltzmann constant, T the temperature, J, the saturation
current density and n the ideality factor of the diode. Measuring a solar cell in the dark already gives
important information, because J, is linked with the carriers recombination in the device. A low J,
indicates a high quality p-n junction. Under illumination, a current density Jp, is photogenerated by
the solar cell, flowing in the opposite direction. Also, some resistance must be considered in the
equation to take into account the series resistance (R;) that can be induced by the metal-semi-
conductor contact at the top or at the rear, and the shunt resistance that can arise from leakages of
current through the cell. The electrical model of a solar cell under illumination is described in the
following equation:

(o I s
J-V characteristics consist of measuring the current response of a solar cell to an applied voltage and
give much information on the device quality. The measurement can be performed under
illumination or in the dark. In the dark, we can determine J, and the ideality factor n. Under
illumination, the solar cell parameters (Voc, Jsc and FF) can be determined. The set up used to have
J-V characteristics is a solar simulator. During this PhD we used an Oriel Sol3A solar simulator, that
reproduces AM1.5G spectrum and illuminates the solar cell with a calibrated power of 100 mW/cm?,
with a spectral distribution that matches the solar spectrum. Before each solar cell characterization,
the spectrum is calibrated using a Si calibration solar cell furnished by the constructor. The
measurements are performed at fixed temperature of 25 °C. Note that the same solar simulator was
used to characterize the III-V solar cells.

The shape of a typical J-V curve of a solar cell under illumination is shown in Figure 2.21.a. Four
important parameters have to be considered: 1) the Jsc, or short-circuit current, which corresponds
to the current measured with no applied voltage, 2) the open-circuit voltage Voc, measured when no

» JSC _

Current density (Alcm?)

Voltage (V)

Figure 2.21 - J-V characteristics of a solar cell under illumination.
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current flows, 3) the maximum power point (MPP) where the product current times voltage reaches
its maximum. From the values of Vipp and Jumpp, we define the fill factor (FF) by Eq 2.6:

_ ]mpvmp Eq 2.6

FF
JscVoc

This parameter is the ratio between the areas of two rectangles: the one formed by the origin axis
and the maximum power point (rectangle “A”), and the ideal rectangle formed by the origin and the
point with coordinated (Voc, Jsc) (rectangle “B”). The typical FF values for good Si solar cells are
between 80 and 85 %. For GaAs solar cells FF can reach up to 89 %.

Fill factor can be lowered mainly by the series resistances and the shunt resistances. Rs is due to all
the resistive losses in the solar cell (such as contact resistance, resistivity of the layers) and should
be kept as low as possible. Shunt resistance (Rsn) is the shunt losses, often due to due to
manufacturing defects. It causes power losses in solar cells by providing an alternate current path
for the light-generated current, consequently reducing the amount of current flowing through the
solar cell junction. It also reduces the voltage from the solar cell. Rsy, must be maximized. The series
resistance affects the slope at Voc and the shunt resistance affects the slope around Jsc.

Finally, the efficiency (n) of a solar cell is defined by the ratio of photogenerated electrical power
over the incident light power.

=lsc-Voc-FF Eq 2.7

P incident

External quantum efficiency measurements (EQE) can provide further information on the solar cell.
It is the probability that a photon with an energy E that reaches the solar cell results in an electron
collected by the external circuit. The value of the quantum efficiency is 1 at one particular
wavelength when all the photons of this wavelength are absorbed and the delivered electrons are all
collected. We must distinguish external quantum efficiency from internal quantum efficiency (IQE).
IQE only takes into account the photons that reach the semi-conductor without being neither
reflected nor transmitted, and thus can be absorbed by the solar cell. It is used to characterize the
ability to collect charge carriers generated by different wavelengths of the sun spectrum. As the
‘blue” light is absorbed at the rear side and the “red” light is more absorbed in the bulk, EQE
provides a depth resolution of the recombination processes. In Figure 2.22 is represented a typical
EQE of a solar cell, along with the main causes of EQE reduction. The cut at high wavelength gives
the value of the bandgap of the absorbing material.
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Figure 2.22 - Measured quantum efficiency of a AlGaAs solar cell, along with the main contributions responsible
for possible EQE reductions.

I1.3.2. Si and SiGe heterojunction solar cells

I1.3.2.1. Effect of annealing on a 1.5 pm thick epi-Si layer

The solar cells were fabricated with the process steps presented in I1.3.1.1.: The epi-layers previously
presented were dipped into HF to remove the native oxide, and the solar cell presented in Figure
2.20 was fabricated.

Actually, in these solar cells, we needed to add a layer of micro-oxide on top of the (n+)-a-Si:H layer.
Indeed, after the first J-V measurements performed on these solar cells, the measured J-V curves
had systematically a “S-shape”, as illustrated in Figure 2.27 (black curve). After several attempts on
finding the origin of such a shape, we realized it was due to the front ohmic contact that was not
good enough. The PH; gas cylinder, diluted at 0.1% into H., is not sufficient to dope enough the a-
Si:H layer and perform a good ohmic contact with the ITO. As microcrystalline conductivity is
higher than that of a-Si:H, we added this new layer in-between the a-Si layer and the ITO. This time,
the red curve was obtained, that exhibits a typical shape of a solar cell J-V curve. The Vo is
increased as compared with the previous “S-shape” curve, and also the FF, that reached 76.4%. The
Jsc has slightly decreased from 15.7 to 15.4 A/cmz2. This may be due to an additional absorption of
the 20 nm thick pc-SiOx:H that has been added. Once this issue of ohmic contact was solved, we
added this p-SiO, layer on top of each solar cell.
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Figure 2.23 - J-V characteristics of as-deposited 1.5 um thick epi-Si without the addition of p-SiO, (black curve),
and with (red curve)

We now study and compare the heterojunction solar cells that had been annealed at different
temperatures prior to the deposition of a-Si:H. J-V measurements and external quantum efficiency
measurements (EQE) are presented in Figure 2.27.a.b.c, along with the values of V.., FF, efficiency
and the Jsc measured by I-V and by EQE.

The following general observations can be made on the EQE measurements: 1) the high wavelength
region is rather low for each sample because of the solar cell design. First, the low thickness of the
absorber is responsible for this reduction, and second, the collection of the carriers at the rear is
made at the back of a thick wafer. Thus, the photogenerated carriers need to travel through the
whole 550 um thick substrate, in which recombination may occur. 2) the rather low value of EQE at
400 nm is explained by a high absorption of our ITO at this wavelength. Simulations of the EQE of
similar heterojunction structures can be found in Cariou et al.'”, showing that these two
observations are inherent to our structure design, and not to the epitaxial absorber quality.

Interestingly, the J-V curves show a better efficiency for the 200 °C annealed sample than the as-
deposited one, due to an increase in Jsc. EQE also confirms the increase in Jsc from the as-deposited
sample to the annealed at 200 °C one. They exhibit similar V.. and FF, only the J,. is enhanced. The
increase in EQE occurs at low wavelength. The short wavelength EQE is particularly sensitive to
surface passivation and emitter thickness. This may be due to a better epi-Si/a-Si:H interface, or a
better passivation of the defects on the epi-layer by hydrogen. An annealing at 200 °C could have
enabled hydrogen to move into the layer and to reach the defects so as to better passivate it.
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Figure 2.24 - a) J-V characteristics at low-temperature and b) external quantum efficiency of all the solar cells

processed after various annealing temperatures, c) Solar cells characteristics calculated from I-V measurements
and EQE

The sample annealed at 250 °C has a slightly better EQE than the as-deposited one; however, it
suffers from a strong V.. reduction that decreases from 0.57 V to 0.53 V, and a slight FF reduction.
The similar EQE shows there is no significant degradation in the front surface or back surface. The
lower Voc suggests a higher recombination rate in the epitaxial layer or at the epi-Si/Si substrate
interface, which may come from the movement of hydrogen in the layer. While hydrogen were
passivating the defects of the bulk in the as-dep and 200 °C layers, at 250 °C the hydrogen starts to
migrate and exodiffuse, thus being less efficient in passivating bulk defects.

For even higher annealing temperatures, EQE is strongly reduced in the whole range above 500 nm.
As the high wavelength is sensitive to the rear surface recombination, we attribute this to the
defective interface between epi-Si and the c-Si substrate. This is consistent with the ellipsometric
spectra presented in the previous section (Figure 2.4), which showed increasing oscillation
amplitude upon temperature, thus a degradation in the interface quality for Tannealing = 300 °C. As
expected, the 350 °C annealed solar cell has the worst electrical characteristic, with a low current,
and a lower V.. The low EQE is mainly attributed to the very defective interface (containing H.
blisters). Furthermore, the epi-Si relaxation has induced defects and mosaicity that induce
dislocations in the epi-layer and thus lower the Voc. Also, blisters provoke the detachment of the epi-
layer from the substrate, leading to interface recombinations.

From these measurements, we can conclude on the importance of keeping the thermal budget as low
as possible. Indeed, for a growth temperature of 200 °C, we reached an efficiency of 6.7 %, with Voc

60



I1. Low Temperature PECVD epitaxial growth of Si(Ge)

as high as 0.57 V, which proves the high potential of such an epitaxial layer for being used as an
absorber. A post-growth annealing of the sample at 200°C seems to be beneficial for the solar cell
operation that reaches 7.0 %. Annealing above 300 °C leads to the formation of H. blisters that are
responsible for a strain in the epitaxial layer that relax from the substrate, and triggers high
interface recombination. This strongly reduces the collections of the carriers. Furthermore, the
hydrogen that was passivating the defects in the as-deposited state may have migrated or
exodiffused, thus leading to more recombination centers in the film.

I1.3.4. Towards thicker absorbers

Solar cells have been fabricated with increasing epi-Si absorber layer thicknesses: 1.5 um, 3.1 um,
and 6.4 um, whose material characterizations have been presented in part I1.2.3. The resulting J-V
curves and characteristics are shown in Figure 2.25.a. and c., and their EQE of three of these
samples are plot in Figure 2.25.b. The first observation we can make is that, the thicker the absorber
is, the higher is its Jsc, which reaches 18.7 mA/cm2 for the 6.4 pm thick layer. The FF stays rather
constant. EQE show that the main gain in Jsc is due to an increase in the red response, which is
consistent with the fact that the epi-Si absorber is thicker. The slight decrease in EQE at short
wavelength suggest a higher surface recombination, probably due to a slightly higher roughness of
the epi-Si surface, leading to a less sharp interface between epi-Si and a-Si:H that forms the
heterojunction. Thus, increasing epi-Si thickness helps to have a higher Jsc, however, higher surface
or bulk recombination reduced the Voc.
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Figure 2.25 - J-V characteristics at low-temperature and b) external quantum efficiency of all the solar cells with
various epitaxial thicknesses, c) solar cells characteristics calculated from J-V measurements
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I1.3.5. c-SiGe heterojunction solar cells

We now study the impact of Ge content on the characteristics of a Si,-«Gey solar cells. Heterojunction
Si;xGey solar cells have been already studied in literature using conventional epitaxial growths. A
non-exhaustive list of Si,.«Gex heterojunctions is presented in Figure 2.27. The solar cell
performances, as well as their Ge content and their thicknesses are specified. The record solar cell is
held for a thick SiGe absorber of 15 pm, with 10% of Ge by Said et al.'® It was grown by RP-CVD at
750 °C and revealed an efficiency of 10.3 % with a Voc of 550 mV, and a Jsc of 24.2 A/cm2. For
thinner crystalline absorbers, Oshima et al.'® reported a 1.8 % efficient Sio 5:Geo 4o solar cell of 3 um
grown by MBE. 2.9% was achieved by Li et al."*’ for a 2 um heterojunction solar cell with 82 % of Ge,
and 4.3 % was achieved by Hadi et al."*'**> Microcrystalline results are taken from the following
references : Matsui et al."®, Cao et al.'"’, and Huang et al.'* Works in LPICM have already shown a
6.1 % efficiency Sio.;3Geo.; heterojunction solar cell*, grown by RF-PECVD at 175 °C, for a 1.9 um
thick absorber in the Arcam reactor. The Voc obtained was 413 mV, for a Jsc of 18.8 mA/cm2 and a
high FF of 77.5 %.

For a fixed layer thickness, the main effects of additioning Ge into Si are expected to be: 1) an
enhanced Jsc, due to a higher absorption coefficient of Si,-<Gex when x increases, and 2) a lower Vo,
due to the diminution of the bandgap with increasing Ge content. The results from Oshima et al.'”
reported in the table are consistent with this. However, their solar cells exhibit a strong reduction in
FF that they attribute to an un-optimized processing temperature, adding point defects during the
growth of their layers. PCiD simulations of SiGe heterojunctions with our device structure® are
presented in Figure 2.26. For different Ge content, the Jsc as a function of thickness is presented. It
shows that for x> 10% there is a gain in Jsc as compared with a pure Si heterojunction. The EQE
shows that most of the gain in Jsc is due to a better absorption in the high wavelength range. Thus,
for our solar cells with increasing Ge content and a fixed thickness around 1 um, we would expect an
increase in Jsc with %Ge, and a higher absorption at high wavelengths. The Voc should decrease,
following the decrease in bandgap.
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Figure 2.26 - Ideal Js¢ as a function of SiGe thickness for various Ge content. b) PC1D model of EQE variation with Ge
content for a (p++)c-Si/epi-SiGe/n-a-Si:H solar cell. From Cariou thesis p155.
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Reference Technique Deposit® | %Ge Thickness Voc
Temp (%) (um) (mA/cm’) % %

Matsui 2009 u-Si VHF-PECVD  200°C 0,524 20,4 0,673 7,19
Matsui 2009 p-SiGe VHF-PECVD  200°C 10 1,1 0,466 23,6 0,660 7,26
Matsui 2009 uSiGe VHF-PECVD  200°C 13 1,0 0,410 24,6 0,587 5,93
Cao 2013 uSiGe RF-PECVD 200°C 50 0,6 0,32 22,5 0,46 3,31
Huang 2015 uSiGe RF-PECVD 200°C 16,4 0,9 0,47 20 65 6,18
Oshima 2015  c-Si MBE 550°C 0 3 0,43 15,2 65,2 4,3
Oshima 2015  ¢-SiGe MBE 550 °C 49 3 0,224 16,7 48,7 1,8
Oshima 2015  ¢-5iGe MBE 550 °C 70 3 0,192 21,4 49,5 2,0
Oshima 2015  c-SiGe MBE 550 °C 84 3 0,167 24 49,1 2,0
Said 1999 c-SiGe RP-CVD 750°C 10 15 0,559 24,2 73 10,3
Li 2016 c-SiGe RP-CVD 750°C 82 2 0,349 11,6 0,71 2,9
Hadi 2014 c-SiGe LP-CVD 900 °C 25 2 ~0,43 16,5 ~ 60 ~4,3
Hadi 2014 c-SiGe LP-CVD 900 °C 25 4 ~0,45 17,5 ~ 58 ~4,6
Cariou 2014 c-SiGe RF-PECVD 175°C 27 1,9 0,413 18,8 77,5 6,1
Cariou 2014 c-Si RF-PECVD 175°C 0 1,7 0,501 16,1 78,6 6,4
This work c-Si RF-PECVD 200 °C 0 1,4 0,57 15,4 76,4 6,7
This work c-SiGe RF-PECVD 175°C 7 11 0,56 14,6 74,3 6,1
This work c-SiGe RF-PECVD 175°C 25,8 0,89 0,35 15,7 65,4 3,6
This work c-SiGe RF-PECVD 200 °C 23,7 0,89 0,4 16,6 69,4 4,6

Figure 2.27 - Review of single Si;.,Ge, heterojunction solar cells from literature. Pure Si cells are in red, and the most
comparable cells in terms of absorber thickness and Ge content are in green.

The same heterojunction structures as presented before are fabricated from our SiGe epitaxial
layers: (p++)c-Si  wafer/epi-Sio.;3Geooy/a-Si:H/(n)a-Si:H/u-SiOx. We will compare their
characteristics to these of pure silicon equivalent devices. The epitaxial layers that had been
presented in II.2.5 and 6 (Si..«Gex absorbers with x=7, 13.8, 25.8 and 32.5) have then been dipped
into HF before depositing the amorphous stack. The J-V characteristics of SiGe solar cells as
compared with the previous Si solar cell are gathered in Figure 2.28, along with their measured
characteristics. The thickness of each absorber is reported. We also calculated the difference
between the theoretical bandgap of the layer and the measured Voc, as an indication of
recombination losses.
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Figure 2.28 - a) J-V characteristics at low-temperature and b) external quantum efficiency of all the solar cells
processed after various annealing temperatures, c) summary of the material and cell parameters obtained

Looking at the Jsc, we see that that of Sio.g3Geo.o; cell is slightly lower than that of pure Si. This is
consistent with the simulations, in addition to the fact that the Si is slightly thicker than the others
(1.5 um), consequently enhancing the Jsc. Then, the Jsc increases with the Ge content, until x = 25.8
%. The sample with 32% of Ge was relaxed, leading to a lower crystallinity of the SiGe layer. Thus, its
absorption may be lower than that of a strained layer, explaining its rather low Jsc.

As expected, we find a slight decrease in Voc with increasing %Ge. However the decrease in Voc is
more significant than that of the bandgap, as deduced from the difference Bandgap-Voc. Especially
for the 25.6 and 32 % layers, the Voc has strongly dropped. The layer containing 32.5% of Ge is
partly relaxed, thus inducing defects that increase the recombination in the layer.

The more Ge we add, the lower the short wavelength EQE, suggesting that the collection at the
surface is lower. By looking at the SEM images of the SiGe layer displayed in Figure 2.29, we actually
notice another phenomenon: while SiGe, o, and SiGe,.,; exhibit a flat surface and an homogeneous
layer, the surface of SiGe.ss is covered by islands. By looking at the cross-section, we realize that
these islands result from the growth of a material with different density in the shape of a cone. This
behavior has already been observed in the case of a pure crystalline Si grown by PECVD® with non-
optimized growth parameters. Those cones were amorphous silicon cones, responsible for the
epitaxy breakdown of a layer. An amorphous layer is initiated in the layer, and keeps on propagating
during the growth. Thus, our SiGe.s s layer contains lots of cones that are made of amorphous SiGe.
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The presence of these cones can be responsible for 1) the increase in shunt resistance observed on
the J-V curves (thus a lower FF), as the cones can be alternative pathways for current to flow, 2) the
lower Voc because the islands prevent from a sharp interface with a-Si:H emitter and from a good
front contact passivation.

By comparing our result with these from literature gathered in Figure 2.27, we can observe that our
Voc for Si heterojunction without Ge (0.57 €V) is higher than that of other heterojunctions reported
(Cariou, Oshima, highlighted in red). The Jsc of our pure Si solar cell is higher than that of an MBE
grown Si absorber of 3 um while ours is only 1.5 um thick, leading to a record efficiency of 1.5 um Si
of 6.7 %, which is also better than previously achieved in the lab (Cariou et. al**). For our SiGe solar
cells, we cannot compare directly the one with 7% and 13.6 % of Ge. But we notice that the SiGe.ss
has performances below these reported in literatures (highlighted in green), mainly due to our lower
Voc.

C'SiGezs-s

10.0kV x70.0k SE(U)

em 10.0kV 8 6mm x30.0k

Figure 2.29 -SEM images of a)b) the cross-section and surface of SiGe,; 5 c)d)e) the cross-section for x = 7%, 13.5%
and 32.5%.

In order to have a better insight in this strong Voc reduction, we varied the thickness of SiGe.ss
absorber from 500 nm to 1.7 um. We already observed from XRD that the best material quality was
observed for 500 nm. Also, at 900 nm, amorphous cones were visible in the layer by SEM. The
thicker layer appears to be relaxed. The J-V curves and characteristics of the different cells with
various absorber thicknesses are displayed in Figure 2.30.a and c¢ (Black, purple and pink curves). It
appears that the best solar cell is the thinner one, which has an efficiency of 4.7 %. The Voc of 0.43 V
is actually way more satisfying, and is comparable to that of literature (green lines in Figure 2.27). It
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may be explained by the fact that there are no defective cones in the thinner layers that would higher
the shunt resistance, and lower the quality of the epi-SiGe/a-Si:H interface. The cell with higher
thickness (1.7 um) has very bad solar cell characteristics. Not only the Voc and FF are low, but also
the Jsc is almost divided by 2 (only 8.35 A/cmz2). This is not only explained by the relaxation of the
layer. The EQE in Figure 2.30.b. confirms this huge drop in Jsc. There is almost no collection
anymore at short wavelengths. It actually shows that the conditions that are used to grow SiGe.; are
not optimized in order to grow thick SiGe layers.

We thus propose to change the growth temperature, aiming at finding better growth conditions for
the realization of SiGe layers, with a thickness around 900 nm: while all the SiGe absorbers studied
up to now were performed at 175 °C, we studied the effect of a growth at 150 °C and 200 °C. Material
characterizations from Part 11.2.4. showed that the growth at 150 °C leads to a relaxed layer with
higher Ge content. The 200 °C grown layer has a shrink on Ge content (only 23.7 %) but exhibits a
higher XRD peak intensity. The resulting J-V curves (blue, purples and red in Figure 2.30.a) show
that the layer grown at 200 °C exhibits the best electrical properties. The Voc reaches 0.4 V, and 4.6
% of conversion efficiency is measured, exceeding the efficiency of the comparable cell from Hadi et
al.'*® The Jsc of this layer is 1 mA/cm? above those grown at lower temperatures. This is not
negligible, considering that the Ge content is lower (thus its Jsc should be lower). It shows that the
quality of the epitaxial layer is highly increased when grown at 200 °C. However, both Voc and FF
are still slightly lower than those of the thinner (500 nm) layer grown at 175 °C, suggesting that
there is still needs for improvement in the growth conditions for thick Si,.«Gey layers.

To conclude, we showed here that we still do not have the optimal growth conditions for growing
thick Si,«Gex at high Ge content. While SiGe,; and SiGe,s; cells show acceptable structural and
electrical properties, SiGe.;s is good for 500 nm thick absorber, but has strongly degraded
performances for higher thicknesses, due to the apparition of amorphous cones and the relaxation of
the layer. We showed that performing the growth at 200 °C can improve the crystalline quality, and
also its solar cell performances. From now on, in order to optimize the growth conditions of Si,-«Gey,
we must play on the growth temperature, whose optimum seems to be higher than 175 °C. Once this
optimum temperature found, we could gain in quality by playing on the two other tunable
parameters that had been kept constant: RF power and pressure. Those parameters had been
optimized for the growth of pure c-Si, but the optimum may be different for the growth of SiGe.
Further experiments need thus to be performed on SiGe growth in order to be able to grow layers
with thicknesses above 5 pm.
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Figure 2.30 - a) J-V characteristics at low-temperature and b) external quantum efficiency of all the solar cells processed
after various annealing temperatures, c) summary of the parameters obtained
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I1.4. Conclusion and perspectives

To conclude on the results on epi-Si layers, we actually have a very good heterojunction solar cell
with 1.5 um of epi-Si that has been annealed at 200 °C. We reached 7% of conversion efficiency,
which is better than the previous results obtained in the lab for similar device structure and epi-
thickness>* mainly thanks to a higher Voc value (0.57 V). It shows the high potential of such material
for the integration into a more complex device. The increase in epitaxial layer thickness led to an
improvement of the efficiency, but we face a higher recombination that lowers the Voc. The study of
the effect of an annealing on the solar cell properties led to the conclusion that the epitaxial layer
should not undergo an annealing at a temperature above its deposition temperature, otherwise the
hydrogen may stop passivating the defects, and create blistering at the interface with the substrate.

Introducing Ge into the layer has shown an increase in Jsc and a decrease in Voc as compared with a
pure Si absorber. We showed that the more Ge is incorporated in our layer, the lower the growth
rate, which could be limiting as we aim at growing layers thicker than 5 pym. The use of a less diluted
Ge gas cylinder could help tackling this issue. We also found that the growth at 175 °C in Octopus
with fixed pressure (2 mbar) and RF power (50 W) may not be the optimum growth conditions for
Si,«Gex layers. Indeed, if thin layers have good structural properties and lead to conversion
efficiencies up to 6.1 %, our solar cells with Si,.<Gey layers still have a lower efficiency than with c-Si
absorber. We faced issues by trying to grow thicker layers, due to the relaxation of the strain in SiGe,
but also to the apparition of epitaxy breakdown. A path worth exploring would be to grow SiGe at
higher temperature; we indeed showed that an absorber grown at 200 °C led to an increase in
mostly Vo, but also in Jsc and FF, as compared with the same grown at 175 °C.

This chapter was dedicated to the growth of Si and SiGe on top of a (100) Si substrate by low
temperature PECVD. We proved the good properties of these materials by fabricating Si(Ge)
heterojunction solar cells, and proposed some paths towards the growth of better Si(Ge) layers with
higher thicknesses. However, these results are satisfying enough to move to the next step: trying to
grow crystalline c-Si and c¢-SiGe on top of a GaAs substrate and on top of a full epitaxially grown
Al Ga,.As solar cell. The next chapter will be dedicated to the heteroepitaxy by PECVD of Si on GaAs
substrates.
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Chapter 3

In the previous chapter, we have presented the epitaxial growth of Si and SiGe on Si substrates, and
assessed their crystalline and electrical quality. This chapter is dedicated to the integration of Si
material with GaAs and their mutual effect on each other. We will introduce the heteroepitaxial
growth of Si on GaAs, and use XRD and GIXRD to assess the structural properties of the Si layer
grown on GaAs, aiming at understanding the first stages of PECVD growth. Then, in order to
anticipate the integration of our process in the fabrication of a tandem solar cell, we will study the
effect of PECVD on the doping properties of the GaAs material.

II1.1. Growth of Si on GaAs

The literature about the growth of Si on GaAs is quite scarce. In the late 80’s, several papers
mentioned the growth of crystalline Si on top of GaAs by Molecular Beam Epitaxy (MBE)u7.18,
However, they all report the growth of only a few Si monolayers. Actually, they found that the
critical thickness of Si on GaAs is of the order of 1.5 nm, and grew Si below this critical thickness,
mainly to form a contact layer on GaAs. Also, some Si/GaAs supperlattices have been successfully
grown9:120, In 1985, Zalm et al.*»* tried to grow thicker Si (up to 500 nm) and showed that for MBE
with a growth temperature below 400 °C, the deposited films are amorphous, even after further
annealing at 600°C. They report the existence of a surface exchange between Ga and As atoms with
the arriving Si adatoms. Moreover, when the growth occurs at 600 °C, there is an important doping
of the Si layer by Ga and As atoms. The lattice-mismatch induced strain is accommodated by
disorder at the very interface, where the dislocations are located. However, since then, no study on
bulk Si can be found. Recently at LPICM, the first proof of monocrystalline silicon growth on top of
GaAs has been shown. It is extensively described in the paper from Cariou et al.’>> We present here
some of the key parameters needed to obtain epitaxial growth of Si on GaAs by PECVD, that will be
taken into account in the realization of the layers presented in this chapter.

II1.1.1. Substrate cleaning

The first critical step to grow crystalline Si on GaAs is the GaAs substrate cleaning. In MOCVD, the
GaAs oxide is thermally removed during the process taking place around 680 °C. Our low process
temperature does not allow for such oxide removal. Literature reports some possible surface
preparation by annealing at 600 °C in hydrogen'23. Also, native oxide can be chemically etched, but
it requires various steps into several chemical solutions 124125, Moreover the exposure to air between
the chemical cleaning and the loading into the reactor would not give a stable passivated surface.
Thus, etching the native oxide by an in-situ SiF4 plasma has been investigated. By modifying the
power, and especially the etching time, it was possible to successfully remove the GaAs oxide. As for
Si substrate cleaning (Chapter I1.2.1.(p. 34)), GaAs cleaning is made in 3 steps: at 175 °C, 30 sccm of
SiF, are introduced in the reactor with a pressure of 90 mTorr with two steps: about 4 minutes with
35 W, and then to smooth the surface, a 2 minutes at lower RF power (10 W). Finally, a 30 s step of
H. plasma is added in order to remove the possible fluorine present at the growth surface and
produce a better H-terminated surface. Not surprisingly, this step of SiF, plasma cleaning induces a
certain roughness on the substrate.
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For example, AFM measurements on the surface of an epitaxial GaAs layer grown by MOVPE are
shown in Figure 3.1 before and after etching under the conditions given above. While the RMS (root
mean square) was of 0.24 nm before etching, and we could distinguish the typical steps of MOVPE
growth, after etching, the RMS increased to 0.4 nm and some spots with a height up to 5.8 nm can
be distinguished. Note that this cleaning process leaves a surface under a state far from the ideal one
used in a standard epitaxy.

3.56 nm 5.84 nm

400nm 400nm-
4 -

0.00 nm

RMS py0m = 0.24 NM | RMS 0um = 0.40 nm

Figure 3.1 - AFM images of the surface of the epitaxial GaAs layer before and after plasma cleaning under
optimized process conditions for Si heteroepitaxy

I11.1.2. Si heteroepitaxy on GaAs

As for the growth of Si on Si substrates, the silane/hydrogen dilution is a key parameter to obtain
crystalline Si on GaAs. By varying the SiH, flow rate with fixed H. flow rate (similarly to Figure 2.8
of chapter II), we found that the epitaxy window is smaller than on Si substrates. In the Octopus
reactor, it was found that the SiH, flow rate can be varied from 15 to 40 scem on Si substrate. The
same experiments on GaAs substrates showed that the Si grown is crystalline only for SiH, flow rate
ranging from 20 to 30 sccm, and 35 sccm leads to a fully amorphous layer.

Figure 3.2. shows the TEM analysis of a Si film grown on GaAs by PECVD. Detailed analysis of the
crystal quality can be found in Cariou et al.*>2 The sample consists of a 650 nm thick Si layer on top
of a GaAs wafer. The whole layer is visible in Figure 3.2.b. No threading dislocation is observable on
the image, despite the 4% lattice mismatch between the two materials. The defects must thus be
mainly misfits dislocations located at the interface. Moreover, a HRTEM analysis of the interface
shows an excellent atomic order in the epi-Si, and a very sharp interface. The well-defined spots in
the electron diffraction pattern in Figure 3.2.c. indicate a fully mono-crystalline layer. Zooms on the
{004} and {440} planes (in Figure 3.2.d. and e.) reveal two distinct spots, corresponding to both
GaAs and Si contributions, and indicating that the Si grown on GaAs is relaxed. Thus, it has been
shown that it is possible to grow thick Si layers on GaAs substrates, which is fully relaxed, and
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present no threading dislocations despite the 4 % lattice-mismatch. We will try in the next section to
understand how this growth can happen with so few dislocations, by studying the early stages of the
growth with X-ray diffraction.

Si
GaAs— %

GaAs Si

Figure 3.2 - a) Cross-section HRTEM image of epi-Si/GaAs interface. b) Low magnification cross section picture of a
650 nm thick epi-Si layer on GaAs. c) Diffraction pattern of PECVD epi-Si/GaAs interface: the double points visible
for each reflection (see zooms (d,e)) are the signature of both Si and GaAs lattices. From Cariou et al.®

II1.2. Growth of Si on GaAs: study of the early stages

In this study, we focus on the very first stages of the growth of Si on GaAs, in order to assess its
structural properties, relaxation, and stress in the lattice. In this way, we hope to better understand
how PECVD epitaxial growth can happen at such low temperature, and what are the growth
mechanisms involved. To do so, we studied Si layers grown on GaAs substrates with thicknesses
ranging from 7 nm to 1 um, and systematically measured the in-plane and out-of-plane lattice
parameters of the grown Si. The very thin layers cannot be easily characterized in our laboratory
diffractometer. Indeed, the diffracted volume is too small as compared to the substrate contribution,
and also our incident X-Ray flux is too low. Thus, we applied for a synchrotron beam shift at Soleil,
to have a flux high enough to determine the Bragg angles of the {004} diffraction planes. Also, with
their diffractometer (DiffAbs), we will be able to probe the {220} planes that give accurate
measurement of the in-plane parameter.
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II1.2.1. Grazing Incidence X-ray Diffraction

For the following experiments, the beamline DiffAbs from SOLEIL synchrotron was used=¢. It is
dedicated to the study of the structural properties of a wide variety of materials. It offers the
possibility of doing X-ray diffraction combined with an oven that enables in-situ annealing. This line
uses radiation from a bending magnet, and a monochromatic beam of X-Rays can be chosen in the
spectral range from 3 to 23 keV. In our case we used 9.5 eV. The experimental station consists of a
six-circle diffractometer. Four circles are used to orient the sample, and two circles are used for XRD
measurements in the vertical and horizontal plane.

The geometry of this diffractometer enables not only to probe the {004} planes in high angle ®»-260
configuration, as already presented in Chapter 2, but also in 26,-¢ in-plane configuration Figure
3.3.a.&c show the planes probed in a ®-26 scan, and one of the scans performed with synchrotron
beam. The measured intensity is considerably higher (10 counts) than in our laboratory
diffractometer (<10° counts). Thus, there is enough flux to be able to detect the signal due to the
diffraction of the epitaxial layer, whose intensity is low as compared to that of the substrate. A

a) b) [

S /{ i —

v
i 220 planes
- 20X
{004} planes : ®-26 scans {220} planes : 20,-¢ scans (GI-XRD)
- a | = out-of-plane parameter - a,, = in-plane parameter

c) ! 2 d) |

12 8

10 T T T T T T LI T T T 10 1 ! i { ' ! ' ! - :
70479-3 [{004} planes B70419-3 {220} planes
. p

E100nm Sion GaAs

F00nm Sion GaAs

epi-Si

Counts/s

36 37 38 39 40 41 42
Delta () Delta (°)

Figure 3.3 - Schematics of a sample and the planes probed in a) a ®-20 configuration b) GIXRD configuration. c) and
d) corresponding scans on a 100 nm thick epi-Si sample on GaAs.
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second geometry could be used: Grazing Incidence X-Ray Diffraction (GIXRD). In this
configuration, performing 26,-¢ scans enables to probe the {220} planes, which are perpendicular to
the (100) surface, giving information on the in-plane lattice parameters a,;, as schematized in Figure
3.3.b. We consider that the parameter along both x and y directions are identical. Figure 3.3.d.
shows a {220} scan. We observe that the layer peak intensity is now almost comparable to that of
the substrate. Actually, in this configuration, as it is at grazing incidence (0.2°), the beam probes a
high volume of diffracting planes, and does not penetrate that much in the substrate.

To perform this study, a batch of samples has been grown in ARCAM reactor on GaAs layers
previously grown by MOVPE. In order to have a better insight on what happens at the interface, in
the early stages of the growth, we started with a 7 nm layer. Then, layers with increasing thicknesses
were grown: 12 nm, 20 nm, 43 nm, 53 nm, 100 nm and 1 pm.

The {004} and {220} scans (i.e. out-of-plane and in-plane respectively) presented in Figure 3.3.c
and d. correspond to a 100 nm epi layer on GaAs. We can distinguish two peaks: the sharper on the
left is that of the GaAs substrate, and on the right, the wider peak with lower intensity corresponds
to the epi-layer. The fact that in the {220} scan, two distinct peaks can be seen means that the layer
is not strained by the substrate. Each material has its own in-plane parameter a,. In a strained
configuration, the epitaxial layer takes the a,, value of the underlying substrate as shown in Figure
3.4.b. When the substrate lattice constant is higher than that of the epitaxial layer (which is the case
for GaAs substrate compared to epi-Si), the strain should be tensile, and aj should decrease. As
GIXRD scan shows that we are not in the strained case, the epi-Si should be in the relaxed state
shown Figure 3.4.a, meaning that the Si is cubic with its own bulk lattice parameter ao .

a) " A5t b) C) AL I
ay 4 epi-Si
Ag,5i ay
Relaxed Si . .
claxedst Strained Si
GaAs
Relaxed GaAs Relaxed GaAs
AGaas
Relaxed : Tensile strained Compressively strained ?
AGass > Ay/5i= & 1 5i=80si AGaas = 85> A 5 AGaas* A5 < Q81 < a |

Figure 3.4 - Schematics of an heteroepitaxy in case of a larger substrate lattice constant than that of theepi-layer in
the a) relaxed configuration, b) strained configuration (tensile strain) c) shematics ofour epi-Si/GaAs according to
the lattice parameters deduced from XRD measurements

From both ®-20 and 20yx-¢ scans, we use the following equations to determine the in-plane
parameter a;; and the out-of-plane parameter a | :
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. 220 . 220 . 004 . 004
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Where 9)5220) is the diffraction angle of the {220} planes (in the grazing incidence configuration) and

0% the diffraction angle of {004} planes. Considering that the substrate lattice parameter ao caas is

unchanged, a;; and aj can be deduced from the following equations:
Aall,epi)
QAjlepi

We do not show all the scans here, but for each sample, the scans were similar to the one Figure
3.3.c and d. The thinner is the layer, the broader is the epitaxial peak. Even for our 7 nm layer, a
peak on the right of the substrate peak could be distinguished in the in-plane configuration,
meaning that the layer is relaxed even for this ultra-thin layer. For each sample, we calculated the a,,
and a] using Eq 3.3, and Eq 3.4. The values as a function of the layer thickness are gathered in
Figure 3.5.a.

Aa | epi
Q| epi

)

Eq 3.3, Al epi = ao,Gaas(1 +

Ql,epi = Ao,Gaas <1 + Eq3.4

The calculations of in-plane and out-of-plane lattice parameters revealed the following behavior:
first, we can notice that for each sample, a| is higher than a;,. As an indication, the theoretical lattice
parameter of bulk Si is drawn in gray. The precision on a,, is around +0.004 A, while the precision
on a| varies with the film thickness. The values obtained for the 7 nm thick layer present such high
error bars that we preferred not to include it in Figure 3.5.a. The FWHM of its peak is very high due
to its very low thickness, however, the center of its large peak leads to the same trend than the
presented result: not only a is really higher than the theoretical value, but also a;, happens to be
lower than the theoretical one. Thus the Si has a tetragonal lattice. A schematic of the atom
dispositions as deduced from the HRXRD measurements is shown in Figure 3.4.c: the Si lattice is
not tensile strained by the GaAs lattice. On the contrary, it is compressively strained.
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Figure 3.5 - a) evolution of the in-plane (a,/) and out-of-plane (a_| ) lattice parameters as a function of the layer thickness,
b) elastic deformation as a function of the layer thickness.
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The deformations of the lattice are also calculated from the following equations:
8" — Qg — Q) epi € o Ao — A epi
,epi o Eq3.5, 1 ,epi a — Eq3.6
By using the theoretical a, of Si (a, = 5.4307 A), the in-plane and out-of-plane elastic strain ¢ has
been calculated for each sample and is plotted in Figure 3.5.b. The in-plane deformation is rather
independent of the epitaxial layer thickness, with a value around -0.3 %. Let us note that the 42 nm
layer was grown on a GaAs layer highly doped with carbon, which was compressively strained, while
all other samples are gown on intrinsic epi-GaAs. It could explain the slight discrepancy in the a;,
value for this sample. On the other hand, the out-of-plane deformation is very high for the thinner
epi-layers, (higher than +1.4 % when the layer thickness is below 20 nm), and stabilizes for thicker
layers around a (still high) value of +0.6 %.

Thus, two main phenomena are observed: 1) the out-of-plane parameter a; is really higher than the
theoretical one (0.6 %), and even higher for layers below 50 nm (~1.5%). 2) The in-plane parameter
a,; is smaller than that of bulk Si, with a deformation of -0.3%. These behaviors cannot be explained
by the standard strain considerations in heteroepitaxy. We will try to explain both of these
phenomena in the following discussion.

I11.2.2. The role of hydrogen

The higher a; is a phenomenon that we have already observed in Chapter II.2.2.(p.37) when we
grew epi-Si on a Si substrate. The XRD peak was slightly shifted to the left as compared with that of
the substrate. The corresponding lattice parameter of the 1 pm thick layer was calculated to be
5.4434 A (Figure 2.11.h.). Actually, it seems to be inherent to the growth technique. Literature on
PECVD epitaxy on Si substrates using SiH,/H. mixtures has already reported the importance of
hydrogen in the strain on a, that leads to a slightly higher a; than that of the Si substrate?’. For
example, Shahrjerdi et al.8” studied by m-26 scan the influence of the hydrogen content on the peak
position of their epi-Si grown by low temperature PECVD. They realized that the higher the H
content, the more the peak shifts towards low angles, meaning a higher a; than that of the

substrate. Abe et al'28. also reported a similar behavior in the a | , and calculated the lattice distortion
expected as a function of the H amount in the lattice. However, in all of these papers, the {224} RSM
revealed a strained layer, meaning an a,,; identical to that of the substrate.

To confirm the role of hydrogen on the out-of-plane distortion, SIMS analyses have been performed
on one epi-Si layer grown on GaAs. The quantity of hydrogen measured in our layers is presented in
Figure 3.6. It confirms that the amount of hydrogen is high throughout the full layer, (around 2x102*
at/cms3). Also, interestingly, we notice that this amount is even higher over the first tens of
nanometers after the interface with the substrate (it reaches 4x102! at/cms3). This could explain why
our layers with thicknesses below 50 nm exhibit a more important strain than that of thicker ones.
As XRD analysis probes the full volume, what happens in the first 50 nanometers of a thick layer is
hidden in the FWHM of the peak.
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Figure 3.6 - SIMS analysis of a 150 nm-thick epi-Si layer on GaAs.
Thus, we found a strong correlation between the strain that increases the out-of-plane parameter
and the high quantity of hydrogen in our layers, in accordance with what has already been reported
in literature on PECVD epitaxy on Si substrates. The first nanometers close to the interface exhibit a
higher concentration of hydrogen, which is consistent with the fact that the measured deformation
is even higher for thin layers.

I11.2.3. Effect of thermal expansion mismatch

Let us now focus on the in-plane parameter a,;, which appears smaller than expected. In order to
verify that our a; is indeed lower than that of the bulk Si, and not due to any measurement error or
artifact, we performed a {224} RSM on a 1 um thick layer in our Bruker diffractometer. The
mapping is shown Figure 3.7a. As an indication, we drew the lines along which our epitaxial layer is
expected to stand in case of a strained Si (yellow arrow) and a relaxed Si (orange arrow).
Surprisingly, the position of the epitaxial film corresponds to none of these configurations. This
RSM confirms what have been observed by GI-XRD measurements: the a;; is smaller than that of
the substrate and the Si is in compressive strain (as already illustrated in Figure 3.4.c.).

Contrary to the out-of-plane deformation case, we do not think that hydrogen is responsible for such
in-plane deformation of the lattice. First, no obvious correlation was found between the hydrogen
content and the a;, deformation. Indeed, as seen in Figure 3.5, the deformation of a,, is always
roughly the same, even for the thinner epi-layers that contains more hydrogen (except for the 42 nm
layer that was deposited on top of carbon doped GaAs instead of intrinsic GaAs). Second, if H had a
role in this lattice deformation, we would have observed the same type of behavior in the RSM of
Chapter 2 when growing epi-Si under similar plasma conditions, on top of Si substrates.

Thus, we must consider another source of strain, which was not present in Chapter 2: the GaAs
substrate. Two main substrate-induced strains that can affect the a,; of an epitaxial layer: the lattice
parameter mismatch, and the thermal expansion mismatch. The lattice-mismatch induced strain
should be tensile. {224} RSM and in-plane scans have both shown that the layer is not strained by
the GaAs substrate.

We should thus consider the thermal expansion mismatch of our materials. When a material is
alone, the lattice parameter evolution with temperature is defined by Eq 3.7:
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a;(T) = ay (Ty) * (1 + a = AT) Eq 3.7

where a//(T) is the in-plane parameter at a considered temperature, a/(T,) at a reference
temperature, and a is the thermal expansion coefficient (CTE) of the material. This coefficient is
also dependent on temperature, but in the considered range, we will assume that it is constant. GaAs
and Si have a different CTE: agaas = 5.76x10¢ K, and as; = 2.6x10¢ K. The thermal expansion
coefficients and bulk lattice parameters of Si and GaAs are gathered in Table 3.1.

Table 3.1 : Theoretical bulk lattice parameter and thermal expansion coefficient of GaAs and Si

@300 K GaAs Si
a bulk A) 5.6532 5.4307
a (K1) 5.76X107° 2.7x1070

In the case of an heteroepitaxy, the grown layer follows the substrate thermal expansion coefficient,
even if the layer is relaxed'2930, thus thermal expansion strain is compressive. To verify if the epi-
layer indeed follows the substrate expansion, we performed in-situ grazing incidence XRD
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725 § asSi experimental
5.434 asSi(300 K) (1+ aSi (AT)) T
Relaxed Si 5432] aSi(300 K) (1+ aGaAs (aT) 1
5.430 - E
. é 5.428 - E
- 55.426 B
: 5.424 | .
5.422 b
GaAs substrate
: 5.420 B
‘ 5.418 [ L 1 [ B L 1
12380 250 300 350 400 450 500 550 600 650 700
T(K)
) A/ epi-Si/Gaas < A/ i/si
<>
L ®
[ 4
@ L
L
asubstrate >a layer
_—
Growth temperature Room temperature

Cooling

Figure 3.7 - a) {224} reciprocal space mapping of a epi-Si/GaAs sample, b) evolution of the lattice-parameter of an epi-
Si while performing an annealing up to 400 °C, c) Schematics of the lattice of a relaxed Si layer on top of a GaAs during
growth, and after cooling down to room temperature, considering that Si follows GaAs thermal expansion coefficient.

78



III. PECVD heteroepitaxy of Si on GaAs

measurements during heating from room temperature to 400 °C. The a;; deduced from GI-XRD are
reported in Figure 3.7.b (red stars). As an indication, we drew the lattice constant evolution as a
function of temperature in the case if epi-Si was following Si thermal expansion (black slope) and if
epi-Si follows GaAs thermal expansion (blue slope). As expected, the a,;; of the epi-Si follows the
thermal expansion of the GaAs substrate. Thus, during the cooling from growth temperature, the
epi-Si has also followed the GaAs TCE. To illustrate this, a schematics of the deformations induced
by the cooling of a relaxed layer is represented Figure 3.7.c, in the case of asupstrate > Qlayer aNd Asubstrate
> Qiayer- The a;; of the epi-Si shrinks due to the high thermal expansion of GaAs. The thermal
deformation induced by the difference in thermal expansion between Si and GaAs is defined by Eq
3.8:

(as - aepi).AT

€1,en(AT) = 1T 0 AT
.

Eq 3.8

Where as is the GaAs substrate thermal expansion coefficient, and aepi the thermal expansion
coefficient of the epitaxial layer, that we assume identical to that of bulk silicon. Here, we calculate
the deformation induced by the cooling down from growth temperature (175°C) to room
temperature. This calculation leads to a thermoelastic deformation €;;,=0.05 %. Thus, the thermal
strain should slightly lower the in-plane lattice constant of the epi-Si layer. However, at such low
growth temperature (175°C), the expected deformation is of 0.05%, i.e. much smaller than the 0.3%
reported in Figure 3.5.b.

Let us calculate the a; that should have our heteroepitaxial layer grown at 175 °C on a GaAs
substrate after being cooled down to 25 °C. As schematized in Figure 3.8 the lattice parameter at 175

°C of the Si deposited is 5.4328 A (blue circle), calculated from Eq 3.9.

Cl||__gi bulk(175 OC) = Cl||,5i bulk (25 OC) * (1 + Agi * AT) = 54307 * (1 + 2.6. 10_6 * 150) Eq 3.9
= 54328 A

Then, when cooling down from 175 °C to room temperature by following the GaAs thermal
expansion coefficient, the Si epitaxial layer parameter should follow the slope given by the red
dashed line, i.e. a;445- At room temperature, a;; si should have slightly shrunk to the following value:

a151(25 °C) = ayg; (175 °C) * (1 + agaus AT) = 54328 % (1 — 5.76.1076 x 150) = 54281 A  Eq3.10

However, this value is still higher than the experimental one (a;/, epi-si = 5.4195 A for the 20 nm-thick
layer, blue star in Figure 3.8). To explain this discrepancy, we can assume the following hypothesis:
locally, the crystallization temperature of Si on GaAs is not that of the chamber (175°C), but a higher
temperature. By resolving the following system of equations, we can deduce the supposed
temperature at which our epi-Si was actually crystallized on GaAs, and then cooled down:

{ ajsi bulk(Tgrowth) = aysipuk (25°C) = (1 + ag; * |AT|) Eq3.11

all,epi—Si experimental(zs OC) = aII,Si bulk (Tgrowth) * (1 — UGaas * |AT|) Eq 3.12
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We calculate AT = 672 °C, thus Tgown ® 700 °C. This temperature can easily be distinguished on
Figure 3.8: it corresponds to the intersection of the curve of theoretical aos; at a temperature T, and
the curve of experimental as; following ag;,4s slope. Note that this calculation contains many
approximations: 1) we assume that the GaAs lattice itself is not affected by the epitaxial layer, 2) we
have an uncertainty on the experimental measurements of the lattice parameters (+0.004 A), 3) we
considered that the thermal expansion coefficients were constant with temperature, and 4) we used
the theoretical bulk Si CTE for our epi-Si. Literature gives no insight on the thermal expansion
coefficient of hydrogenated c-Si. However, it has been shown in a-Si:H and p-Si:H that the thermal
expansion coefficient also slightly depends on the hydrogen content 3%132, The higher the hydrogen
content, the lower is the a, thus our c-Si:H may not rigorously follow the black line.

Thus, we believe that the reduction of a,; is due to thermal strain induced by the substrate. This
reduction is so important that it may have been induced by a cooling down from a higher
temperature than the nominal one (175 °C).

5.46 ——— ' '
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) . e
% Experimentala_, ot
2O ”
5.45 - - -a,, (800 K) (1+ o, (AT)) \e*‘;i(\s'\' i )
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Temperature (°C)

Figure 3.8 - Evolution of a// of a bulk Si as a function of temperature (black) and expected evolution of a// of epi-
Si layer that follows the GaAs substrate expansion.

I11.2.4. Discussion on growth mechanisms

The mechanism of epitaxial growth of silicon by PECVD is not really understood yet. If TEM studies
of the first stages show an island-growth in the first nanometers?ss, the question of how epitaxy can
happen at temperatures as low as 200 °C has to be raised. The observations and interpretations that
we just showed may be the experimental proofs that there are local annealing happening during the
PECVD growth, at temperatures high enough to ensure the crystallization of silicon, despite the
process conditions that are commonly used to grow amorphous or polycrystalline silicon.
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As hydrogen dilution plays an important role in the epitaxial quality, it is likely that hydrogen plays
also a role in the crystalline growth, including the fact that it can etch the weak Si-Si bonds that
would be responsible for an amorphous growths4. Also, hydrogen can provide a local annealing in
the grown layer that could help the silicon atom arrangementss. This phenomenon is called
“chemical annealing” considers the chemical reactions happening between H and the surface (Si
dangling bonds or Si-H) is exothermic, and allows reorganization of the Si lattice!3¢. Thus hydrogen
may participate to the crystallization of Si in PECVD growth.

Also, in epitaxial conditions, the pressure regime used corresponds to a regime where there silicon
clusters and nanoparticles are produced in the plasma, as it has been proved by several experimental
studies98133. One growth model has been proposed by Roca et al.’37 It suggests that the deposition
leads to a crystalline material thanks to the contribution of these crystallized nanoparticles in the
plasma. Ab initio molecular dynamics simulations made by Le. et al.»38 showed that depending on
the size of these nanoparticles and the impinging power, there can be a local temperature elevation
between 1000 and 3000 K, when they reach the substrate. This local heat happens for a short time
in the range of the picosecond, followed by a rapid cooling down to the deposition temperature (175
°C in our case). This high temperature elevation can lead to a phase transition of the clusters. Dinda
et al.'39 showed by simulations that hydrogenated silicon clusters can melt at temperatures around
1000 K, and then recrystallize in the same direction as the substrate. The presence of these
crystalline nanoparticles has been experimentally proven in several ways9s:140, however their role in
the epitaxial deposition is not easy to determine experimentally. If we consider that this growth
mode is the one taking place during the growth of our epi-Si on GaAs, then the lattice deformation
schematized in Figure 3.7.c. is happening very locally (the size of the nanoparticles is around 1 - 3
nanometers).

The ion bombardment of the plasma can also induce substrate heating'4'. However, if a temperature
elevation was applied to the whole substrate during the deposition, and the substrate was cooled
down after plasma shut down, we would have observed the formation of threading dislocations in
the thick bulk layers due to the thermal mismatch. Thus, the suppositions of local heating at the
growth surface due to hydrogen chemical annealing and/or nanoparticles impact are consistent with
our bulks free of threading dislocations.

II1.2.5. Conclusions and perspectives

As a conclusion of this XRD and GI-XRD study of the out-of-plane and in-plane parameters of epi-Si
grown by PECVD on GaAs, we can make the following observations and interpretations: first, we
found that the out-of-plane lattice parameter (a) is more than 1% higher than that of the bulk Si
lattice parameter. It has been attributed to the presence of hydrogen. The more hydrogen is present
in the layer, the more strained is the epitaxial layer along the growth direction.

Second, we found that the epitaxial layer has a small a,;, even smaller than that of the Si bulk. Our
epi-Si is compressively strained. This behavior is apparently not due to the lattice mismatch between
GaAs and Si, neither to the presence of hydrogen. We can attribute this lattice deformation to
thermal-strain. However, this strain is higher than expected at the nominal growth temperature
(175°C). With no other satisfactory hypothesis, it is reasonable to assume that the shrink in a,; is due
to thermal mismatch considering a local elevation of crystallization temperature.
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Further investigations are required in order to confirm this hypothesis. For example, trying to grow
epi-Si on other substrates with different thermal expansion coefficients and probing the resulting a,,
would help understanding if the key to the PECVD growth of Si is indeed a local temperature
elevation. Actually, previous work in the lab%9 showed the growth of Si on Ge. Ge has a thermal
expansion coefficient similar to that of GaAs (5.9 10¢ K*). GIXRD measurements showed that the
epi-Si grown on top of the Ge epitaxial film also exhibits, as in our case, a small a/, (5.4257 A) and a
high a| (5.444 A). This behavior was not discussed at that time, but can be explained by the same
lattice-mismatch deformation due to a high temperature local annealing. Performing the same kind
of experiments with similar process conditions on a Ge substrate (and thus a fixed hydrogen
content) would help us have a better insight on the effect of the substrate. For example, InP has a
high (8%) lattice-mismatch with Si, and a CTE lower than that of GaAs and Ge (the values25 are
gathered in Table 3.2). We could thus decorrelate the effects of lattice mismatch and thermal
mismatch. More accurate calculations, along with more systematic studies on several substrates
would help confirm that the a,; deformation is linked to the thermal expansion coefficients, and
thus, that the epitaxial growth by PECVD happens thanks to a local annealing.

Table 3.2: Theoretical values of lattice parameter and thermal expansion coefficient for several bulk semi-conductors

@300 K GaAs Si Ge InP
a(A) 5.6532 5.4307 5.658 5.8687
a (100 K1) 5.76 2.7 5.9 4.6

Understanding the growth mechanisms of such an unusual epitaxy method is really important and
could help us understanding better how to achieve the best material for the desired applications.
Moreover, the fact that the grown Si is compressively strained could open the path towards strain
engineering, in order to modify the properties of our Si. While the bandgap is not notably impacted
by the strain in Si'42, literature reports an elevation in carrier mobility in case of tensile strained
Siu3.144, Also, the hole mobility has been found to be increased in compressive strained Si'45, which
could be beneficial for a solar cell absorber.

I11.3. Effect of PECVD on doped GaAs

I11.3.1. Motivations

In the final tandem device, as introduced in Chapter I, the silicon will be grown on top of the tunnel
junction (Figure 1.15). In our device, this tunnel junction will end up with a highly doped GaAs layer.
This high doping level (>2x10% cm-3) is required for the good functioning of the tunnel junctions, as
it will be developped in Chapter IV. The process steps to deposit Si on top of GaAs include a step of
hydrogen plasma exposure (after in-situ cleaning). Also, the deposition happens in an environment
that is mainly composed of hydrogen. Thus, we may wonder if this hydrogen has an impact on the
GaAs layer. Indeed, literature from the eighties reports that a H, plasma can neutralize the dopants
in doped GaAs6147, For example, Rahbi et al.*48 studied the acceptor passivation in p-type GaAs
doped with different atoms: Zn, C, Si and Ge. They exposed their samples to a hydrogen plasma at
temperatures ranging from 150 °C to 300 °C for long durations (up to 8 hours) and found a strong
decrease in the doping level determined by Hall Effect measurements. Their GaAs:C layers became
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highly resistive after plasma exposure, and hydrogen had diffused into the p-type GaAs layers until a
depth of 1 um to 3 um. In our device, the last layer will be a ~30 nm highly p-doped layer. Thus,
even if our doped GaAs layer is exposed to a H. plasma in the PECVD chamber for much shorter
time and lower temperature than reported in literature, we need to verify if our plasma process does
not affect this important layer. To assess the impact of hydrogen on the doping level of GaAs, we
exposed some GaAs layers doped with several dopants (Si, Te, C) to a H, plasma for 30 seconds, and
studied their doping level by Electro-chemical Capacitance Voltage measurements, before focusing
on carbon-doped GaAs (p-type) which will be the underlying layer in the tandem configuration.

I11.3.2. Doping level profiling: ECV measurements

We will first present this characterization technique which will be extensively used in the last part of
this chapter, but also in the next one, dealing with the development of GaAs doped layers for tunnel
junctions. Electrochemical Capacitance-Voltage measurements (ECV) allow performing an in-depth
profiling of the doping level. We present here its principle, and also its limitations. Contrary to SIMS
analysis (Secondary Ion Mass Spectroscopy) that gives the atomic content of a specie in a layer, ECV
is employed to measure the active carrier concentration profiles. Those techniques are often coupled
in order to have an idea of the doping efficiency (ratio between carrier concentration and dopant
atom concentration). ECV uses an electrolyte-semiconductor Schottky contact, so as to create a
depletion region where there are no free carriers, but contains ionized donors and electrically active
defects or traps. This depletion region behaves like a capacitor. Thus, the measurement of the
capacitance provides information of the doping and electrically active defect densities. From this
capacitance measurement, the instrument deduces the doping level based on the following
equation49:
c3 1 Eq3.13
N = *
qe0erA?  dC/dV

Between each capacitance measurement, an electrolytic etching of the III-V semiconductor is
performed with a solution of Ammonium tartrate and an applied voltage. By controlling this voltage,
we can tune the etching rate, and thus the spatial resolution of the measurement. We were thus able
to have a very good resolution, enabling to distinguish the doping levels with a depth resolution
below 5 nm. The electrochemical cell is pictured in Figure 3.9.a: the wafer is inserted in contact with
a seal from which the Ammonium tartrate is inserted.

1pum

I~150 nm

Figure 3.9 - a) Picture of the electrochemical cell used in ECV. Inset down right: picture of the seal that contacts
the wafer surface b) Depth profile of a typical crater after etching.

83



Chapter 3

However, it is worth mentioning that the deeper we etch and measure, the less reliable becomes
the measurement, especially if we want to probe an interface between two layers. Indeed, the
etching does not occur in a perfectly uniform way. Typically, after an etching of 1 um, we find an
uncertainty of about 150 nm in the depth of the crater, as shown in Figure 3.9.b. This uncertainty is
reduced if the etch rate is drastically decreased, but the measurement would thus require hours. It is
thus important, first to control manually all the etching parameters, and second, to be very critical
when it comes to interpreting the data from deep layers, especially deep interfaces.

Thus, ECV is a powerful technique to determine the doping levels in a semi-conductor. We
use it not only to calibrate a single layer, but also to probe the doping levels in full p-n devices
(tunnel junctions). Note that, in this work, we could use this technique only for III-V materials. It is
also theoretically possible to perform some ECV measurements on silicon, but it would have
required another type of electrolytic cell with another etching solution (based on HF chemicals) that
was not available in the III-V Lab.

II1.3.3. Doped GaAs exposed to Hz plasma:

To examine the impact of the hydrogen plasma on doped GaAs, several samples were fabricated on
(100) GaAs substrates using Metallorganic Vapor Phase Epitaxy (MOVPE). This technique will be
presented in the next chapter. For each sample, first a 500 nm thick intrinsic buffer layer was
grown, followed by a 500 nm thick doped layer. We grew GaAs layers doped with Si, Te (n-type),
and C (p-type) with various p-doping levels ranging from 1.3x10'7 to 1x102° cm3. The 5 samples are
gathered in Table 3.3.

Table 3.3 - List of samples grown with their dopants and doping levels

Sample A B C D E

Type p p p n n
Dopant Carbon Carbon Carbon Silicon Tellurium
Doping level (cm3) 1x102° 2x108 1.3%x10"7 1.2x10%9 2x10%9

Those samples were exposed to very short (30 seconds for samples A, B and C, and 15 s for samples
D and E) hydrogen plasmas in our PECVD reactor under the standard conditions of Si epitaxy. To
characterize the doping level, ECV measurements were performed before and after hydrogenation.
Figure 3.10.a. shows the resulting carrier concentration profiles after H. plasma exposure for
GaAs:C samples. The dashed lines show the nominal doping profile in each sample. Figure 3.10.b)
and c) are the ECV profiling before and after plasma exposure for GaAs:Si and GaAs:Te.

On each sample, we notice a strong effect on the doping level at the surface: The doping level has
drastically decreased. The doping level in Samples A and B decreases by one order of magnitude at
the surface, despite the two orders of magnitude difference in their nominal doping level. For
sample A, initially doped at 1x102° cm3, the 30 seconds hydrogen plasma exposure affected about
20 nm of the layer, while for sample B, initially doped at 2x108 cm3, the doping level was reduced
over a thicker layer (about 100 nm). The thickness over which dopants are neutralized seems to be
inversely dependent on the initial dopant concentration. The neutralization of the dopants is
attributed to the fact that atomic hydrogen diffuses extremely fast in the GaAs layer and forms
complexes with the dopants (here, carbon, thus forming dopant-H complexes) and thus deactivates
it. Actually, the shape of the doping profile and the depth of dopant neutralization are quite similar
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Figure 3.10 - a) Carrier concentration profiles measured by ECVof three p-GaAs:C samples with different initial
doping levels, after hydrogen plasma exposure. Dashed lines show the nominal carrier concentrations of each
sample. b)c) Carrier concentration profiles before and after plasma exposure for b) GaAs:Si, c) GaAs:Te

to what Chevallier et al.'+7 observed in a n-type GaAs doped with silicon. If we look at Sample B, the
passivated depth is higher than that of Sample A that is more doped.

Table 3.4 summarizes the obtained nominal carrier concentration of the layer and the values
measured at the surface of the GaAs after plasma exposure, where N° is the nominal carrier
concentration, NH2 is the carrier concentration at the surface after plasma exposure and d is the
depth to which the carrier concentration is modified. In the case of sample C, which has the lowest
carbon concentration, the decrease in doping level is smaller but happens over the whole 500 nm
thick layer.
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Table 3.4 - Doping levels and penetration depth after H, plasma exposure.

Sample A Sample B Sample C Sample D Sample E
Dopant C C C Si Te
H. exposure 30s 30s 15S 15 s 15 s
N° (cm3) 1X102° 2x1018 1.3X10%7 1.2x10%9 2x10%9
NHz(cm3) 1.5%10%9 1x10Y7 8.5x1016 3x1018 9.5%108
d (nm) 20 100 500 15 10

These measurements indicate that the hydrogen plasma that we perform prior to the growth of Si on
GaAs affects the doping level of the underlying doped GaAs. This will have to be taken into account
in the realization of the final tandem device.

Further experiments were designed to find out whether the electrical activity of acceptors can be
restored by heat treatment. We focused on the layers doped with carbon at 1x102° c¢m3, which
correspond to the layers that will be at the top during the process of the Si subcell. Thus, sample A
has been annealed for 3 minutes at different temperatures from 250 °C to 400 °C after plasma
exposure and ECV measurements were performed after each annealing step. The results of this
study are presented in Figure 3.11.a.
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Figure 3.11 -ECV profiling of GaAs :C before H, exposure, after H, exposure and after a) 3-minutes annealing at
various temperatures, b) annealing at 250 °C for various durations

Full symbols represent the active carrier concentration of the sample before (black squares) and
after (blue circles) hydrogen plasma treatment. The samples have been annealed at various
temperatures for 3 minutes. We notice that the higher the annealing temperature is, the better the
doping level can be recovered. After a 250 °C annealing, a slight recovery of the carrier
concentration is observed in the first ten nanometers, but the dopant passivation extends over a
deeper region. This suggests that hydrogen has migrated from carbon atoms located close to the
surface to deeper carbon atoms into the bulk. Annealing at 300 °C shows a better recovery of the
doping level at the surface, which reaches 6x10' cm=3. After a 350 °C annealing, the doping level at
the surface is almost fully restored. The same study have been performed on sample B (not shown
here), and a complete recovery of carrier concentration was also obtained after heating at 350 °C.
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Thus, we have shown that exposing doped GaAs to a H. plasma in our process conditions
deactivates the dopants of this layer, and we showed that an annealing at 350 °C helps recovering
from this effect.

However, in our tandem integration, we have shown in Chapter 2 that annealing our epi-Si at
temperatures higher than 300 °C for 3 minutes degrades the quality of the epitaxial layer, and can
even create blistering at the interface between the epitaxial Si layer and the underlying one, which
induces recombination Thus, we must avoid at best annealing our tandem device at temperatures
higher than 250 °C. Figure 3.11.b. shows the same sample that have been annealed at 250 °C for
longer annealing time. 30 minutes of annealing does not change the doping profile as compared to a
3 mn RTA at 250°C. However, by annealing for a much longer time (5 hours), the doped GaAs pass
from a doping level at the surface increase from of 1.5x10% to 5x10% cm3. Actually, as this long
annealing time roughly corresponds to the annealing that will be necessary for the bonding of the
tandem solar cell, as it will be presented in Chapter V.2.2. (p.134).

II1. 4. Conclusion

In this chapter dedicated to the PECVD / GaAs integration, we first studied the heteroepitaxial
growth by PECVD of Si on GaAs. By following the structural properties of thin Si layers, we managed
to show that the grown Si is tetragonal. Its out-of-plane lattice parameter (a_ ) is higher than that of
bulk Si, and this increase is linked with the hydrogen content in the layer. Also, its in-plane lattice
parameter (a,/) is smaller than that of bulk Si. We attribute this to the strain induced by the thermal
mismatch between the GaAs substrate and the grown Si. But this behavior can be explained only if
the surface temperature of the substrate is locally much higher than the nominal temperature of 175
°C. This observation could actually help understanding the growth mechanisms of low-temperature
PECVD, by suggesting that there is a local heating at the growth surface. This route is worth
exploring, by performing systematic experiments on various substrates (Ge, InP) to get on better
insight on the behavior of the a,; of our epitaxial layers.

We found that hydrogen also plays a role in the underlying GaAs layer. We found that an short
exposure to a H, plasma decreases by almost one order of magnitude the active doping level of
GaAs, whatever is the dopant atom (C, Te, Si). This behavior can be recovered after short annealing
at 350°C. It will have to be taken into account in the realization of the final tandem device.
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Chapter 4

The realization of the IMPETUS tandem solar cell in a 2-terminal monolithic approach
requires the development of the electrical connection between the two subcells: the tunnel junction
(TJ). Before incorporating it into the final device, it must be characterized as a separated device, in
order to assess its performances and its impact on the tandem device. An important part of this PhD
was dedicated to the study of these structures. In this chapter, we will first introduce the principle of
these highly doped p-n- junctions which allow the carrier flows to from one subcell to the other by
tunnel effect, and discuss our requirements. Then, we present the facilities used for fabricating III-V
compounds: MOVPE, and the clean room facilities. We afterwards realize III-V tunnel junctions
grown by MOVPE, p and n doped with C and Si respectively, and show that the TJ performances are
limited by the low n-doping of GaAs. We will then present the use and development of another
dopant element: tellurium, in order to reach higher n-doping levels into GaAs and GalnP, and thus
to enhance the TJ performances. The growth conditions, using the tellurium precursor Diisopropyl
Telluride (DIPTe) will be studied, and the electrical measurements of the resulting TJ will be
presented. Finally, the path towards hybrid tunnel junctions will be explored.

IV.1. Introduction

IV.1.1. Tunnel junctions: principle

In a 2-terminal monolithic approach of tandem solar cells, the two sub-cells are connected by means
of tunnel junctions (TJ). Connecting directly two solar cells together would form a reverse pn
junction in between and thus create a huge voltage drop. Therefore, to let the carriers flow from one
cell to the other, a highly doped pn junction is added, enabling carriers to flow by tunneling effect.
First tunnel diodes have been reported in 1957 by Leo Esaki™’. He received in 1973 the Nobel Prize
in Physics for discovering the electron tunneling effect used in these diodes. For such degenerated
semi-conductors, the conduction band electron states on the n-side are aligned with valence band
hole states on the p-side. Figure 4.1.h. shows the typical I-V characteristics of a tunnel junction.
Figure 4.1.a-g details the evolution of the band diagram as a function of the applied voltage. Under
reverse bias (b), filled states on the p-side are aligned with empty states on the n-side and electrons
tunnel from n side to p side. At 0 V (a), the states are under thermodynamic equilibrium. In low bias
region (c), the J-V curve presents a resistor like shape due to band-to-band tunneling: electrons
tunnel through the very narrow p—n junction barrier. Electron states in the conduction band on the
n-side are aligned with empty valence band hole states on the p-side of the p-n junction. This
behavior is limited by a maximum current density Jpeax (d) reached for a given voltage Vpea. The low
bias region is the most important one in multi-junction solar cells, since the TJ operates in this part
of the J-V characteristics.
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Chapter 4

The value of the voltage at J = Js will determine the voltage drop during solar cell operation.
Consequently, the is lower resistivity, the better is the TJ for MJSC. As voltage increases further,
these states become increasingly misaligned (e) leading to a current drop. In this region, the
resistance is negative because less carriers can tunnel with increasing voltage. At higher voltage we
reach the valley (f), and the diode begins to operate as a normal diode (g), where electrons travel by
conduction across the p—n junction, and no longer by tunneling through the p—n junction barrier.

Tunnel junctions are usually characterized by two

figures of merit pictured in Figure 4.2: the Jpeax, J
and the resistivity at low bias R. Jpeak should be as

high as possible, at least higher than the J,. of the Jpeak b=~ :
considered operating solar cell. For example, the /Vi\

Jsc of a tandem solar cell is expected to be around /o

21 mA/cm2. Thus, the Jpea of the tunnel junction Joalley [1-\--- —

needs to be above 21 mA/cmz2 if it operates under 1 1/R Vpeak Vv
sun illumination. For solar cells working under :
concentration, this Jpeax must be higher: if we
consider a tandem solar cell working under 1000
suns, the Jpeax minimum value would be 21 A/cm>.
The resistance at low bias has to be as low as Figure 4.2- Typical J-V curve of a tunnel junction,
possible, so as to lower V(pea, that will be the and main parameters

voltage drop in the solar cell.

In standard band-to-band tunneling, Jycak follows the subsequent behavior:

3 Eq 4.1

Eg2 . Nnt+ - Npty
o —_——_— =
Jpear < exp( NerT ) with N,¢¢ Nors * Noor

E, is the bandgap of the semi-conductor that constitutes the TJ. We see that the higher the doping
level in both sides of the tunnel junction, the higher the N and consequently the higher the Jpeax.
However, both sides must be more or less doped the same way. There is no need to highly increase
one side if the other one remains with a low value. It will be thus important to dope both n and p
sides as high as possible. Literature™ "> also mentions another mechanism that could be
responsible for Jpeaxx enhancement in TJ: trap-assisted tunneling (TAT). While growing
semiconductor devices, crystalline defects can be involuntarily added, thus creating deep levels
inside the bandgap. These trap levels can strongly modify the characteristics of the device.

From an optical point of view, the TJ should be as transparent as possible, not to absorb too much
photons that are aimed to be absorbed by the underlying sub-cell. Thus, increasing the bandgap is
necessary. However, as seen in Eq 2.1, Jpeak exponentially decreases with Eg. Consequently, a trade-
off between the optical properties and the Jyea will have to be found.
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IV.1.2. Literature overview

Best tunnel junctions in III-V materials for
photovoltaic applications™ show a Jpeax
record of 10 kA/cm?, as reported in Table
4.1. This result has been obtained for an
AlGaAs/GaAs TJ where AlGaAs was p-
doped with carbon and GaAs n-doped with
tellurium. The voltage drop for a current
density equivalent to the operation of the
multi-junction solar cell up to 10 000 suns
is below 5 mV. This so high Jyeax cannot be
explained only by band-to-band tunneling.
The authors suspect the effect of trap-
assisted tunneling. This paper also reveals
GaAs/GaAs TJ with Jpeax up to 8600
A/cm2. Wheeldon et al.® published an
interesting comparison study of different

Peak Tunneling Current (Alem?)
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1.8 2 25
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Figure 4.3- Peak tunnelling current as a function of the
effective doping level for various TJ material combinations.

(Simulation and experimental, from Wheeldon et al.

158
)

III-V TJs: GaAs/GaAs, AlGaAs/GaAs, AlGaAs/GalnP. Figure 4.3. shows simulation results along
with their experimental data of the peak tunneling current as a function of the effective doping level
for 4 different TJ configurations. It shows that AlIGaAs/GaAs requires the least effective doping level
to reach a Jpeax suitable for 2000 suns, being thus the easiest tunnel junction to fabricate.
AlGaAs/GalnP TJ is the most transparent but requires an effective doping level above 2x10' cm3.
Table 4.1 summarizes a few tunnel junctions reported in literature’s2-158. The material of each side of
the tunnel junction is reported, as well as its doping level (when mentioned in the article) and the
dopant used. We can notice that the dopant used in best TJ are carbon and Te.

Table 4.1 - Performances of llI-V tunnel junctions from literature, its doping level and its J,ea.(

Reference  Year p material  n material
Garcia 2012 AlGaAs GaAs
Garcia 2012 GaAs GaAs
Barrigon 2014  AlGaAs GalnP
Wheeldon 2014 AlGaAs GalnP
Wheeldon 2014 AlGaAs AlGaAs
Hermle 2008 Gals GaAs
Zheng 2015 GaAs GaAs
Louarn 2016 GaAs GaAs
Zahraman 1993 GaAs GaAs

p- dopant

93

p -doping
level (em3)

1X102°
7X1019
6 X109

2 7%1019
(eff)
2,7x10%

(eff)

3,6.101?
1X10'9
3x10%

4 X10%

n-dopant n-doping

Te

Te

Te

Te

Te

Te

Te

Si

Te

level (em™3)
3x10%9
3x10%

1.1 X10%°

effective

effective

1X10'°

1,5X1019

9x108

1X10%

152-158
)

(Ke;:mz)
10100
8630
996
907

8o

25
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Chapter 4

Meanwhile, Si/Si tunnel junctions have been widely studied for microelectronic devices. There are
possible applications in high frequency and fast digital devices. In logic circuits, this structure with a
negative differential resistance helps reducing the circuit complexity and/or increasing the speed
and reduce the power consumption. MBE grown Si exhibits very high doping levels***®, together
with high Jpeax up to 46kA/cm?2. SiGe tunnel junctions grown by MBE*®* showed Jpear up to 8kA/cmz.
The literature about tunnel junctions applied to the photovoltaic industry is scarcer, but has recently
found some interests. TJ formed by diffusion showed Jpeax of 100/cm? in 2003 Recently, Fave et
al."® realized some Si/Si tunnel junctions for photovoltaics applications. The n part reached 1.5 102°
cm3 and the concentration of phosphorus is about 2x102° cm-3. Those doping levels are much higher
than the achievable doping levels in III-V materials. Their tunnel diodes exhibited very good Js. of
270 A/cmz2, opening the path to realizing tunnel junctions for III-V/Si tandem solar cells as well as
any other type of tandem solar cell with Si (perovskite, CIGS etc...)

In this chapter, we focus on the realization of III-V tunnel junctions, aiming at catching up the state-
of-the-art in our laboratory. However, we keep in mind the option of growing Si/Si TJ by low
temperature PECVD. Moreover, the possibility of growing hybrid Si/III-V tunnel junction will also
be discussed.

IV.2. MOVPE and clean room facilities

While epitaxy has already been introduced and strongly discussed in the previous chapters
using an uncommon growth technique, this part deals with a more standard technique, used to grow
high quality monocrystalline materials: MOVPE (metalorganic vapor phase epitaxy). This is one of
the dominant techniques for production of semiconductor. We used it during this PhD to grow III-V
materials lattice-matched on GaAs substrates: mainly GaAs; AlGaAs; GaInP and AlInP. We present
here an overview of this growth technique, that is not only used to grow the tunnel junctions
presented in this chapter, but also the III-V solar cells presented in next chapter. We also present
the main available clean room facilities that will be used in both chapters.

IV.2.1. Metalorganic vapor phase epitaxy

MOVPE, or metalorganic vapor phase epitaxy is sometime called MOCVD (metalorganic
chemical vapor deposition). MOCVD is the general term describing the growth process, that does
not imply whether the resultant layer is single crystalline, polycrystalline or amorphous. In this
work, we will only present the growth of crystalline material, thus referring to MOVPE. This
technique has been developed in the 60’s by Manasevit and Simpson', and is now widely used in
semiconductor industry to grow III-V materials with abrupt interfaces and high purity materials, to
produce GaAs and InP with purity equaling or exceeding all other techniques®. This technique uses
precursor gazes that are diluted in a carrier gas: H,. Unlike MBE (molecular beam epitaxy), the
pressure in the MOVPE reactor is relatively high (a few hundreds of milibars), which allows vapor
phase diffusion. During this PhD thesis, all III-V layers were grown using an horizontal AIXTRON
AIX200/4; as shown in Figure 4.4. In this system, the group III atoms (Ga, Al, and In) are provided
by metalorganic precursors: trimethylgallium (Ga(CH3);, TMGa), and trimethylaluminium
(Al(CH3)3, TMAI), and trimethylindium (In(CHj)5, TMIn), respectively. Group V atoms (As and P)
come from hydride precursors: arsine (AsH;) and phosphine (PH;) respectively.
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Figure 4.4 - Principle of the AIX200 reactor

The metalorganic precursors are carried in H. and sent to the reactor together with the hydride
precursors. In the reactor, a rotating substrate is heated at temperatures around 600-700 °C by
infra-red lamps, as seen in Figure 4.5. The rotation ensures a good uniformity up to 4 inches wafers.
The heat breaks the precursors, and the desired atoms are deposited on the wafer. The exhaust gas
and particles are then pumped and purified outside the reactor. By carefully varying the precursor
flow rates, the properties and composition of the crystal can be accurately chosen, in a reproducible
manner.
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Figure 4.5 - MOVPE reactor with its glovebox while heating. Inset up right: reactor during a process

Other precursors are used to dope the III-V materials. In this work, for p-doping we use Zn (from
DEZn) for moderated doping level (up to a few 10*® ecm3), and C (from CBr,) to dope above
1x10%9cm3. To n-doped our materials, we use S (from H.S) for moderated doping level, Si (from
Si.He) to reach higher doping levels. To achieve n doping levels higher than 1.2x10 cm3, we
installed a new precursor in our reactor: Dilsopropyl Telluride (DIPTe). A picture of the reactor
used during this PhD at the III-V lab is presented in Figure 4.5. On the left, we see the glovebox
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under N,, in which the samples are prepared. On the right, we see the horizontal reactor heated by
the infra-red lamps. The up-right inset shows a top view of the reactor.

IV.2.2. Clean room microfabrication

III-V lab has a strong know-how in processing III-V materials for diverse applications. We do
here a quick introduction of the main available techniques used in microfabrication. Those
techniques will be adapted to our requirements, not only for the fabrication of tunnel junction test
devices, but also in the fabrication of single AlGaAs solar cells and the final tandem device presented
in chapter 5.

Photolithography

Photolithography is a process used in microfabrication to pattern parts of a film or a substrate, and
to choose some areas that should be selectively etched, metallized, or implanted. It has a resolution
of about 200 nm and an alignment precision of 500 nm. The principle is to coat a wafer by spin-
coating with a light-sensitive chemical photoresist, commonly called “resist”. Spin-coating consists
of dispensing onto the wafer a viscous solution of resist, and to spin rapidly the wafer (typically
5000 rpm) for a certain time (30 to 50 seconds in our case). The spin-coated layer is uniform, with a
controlled thickness (around 3 um usually). The wafer with the resist is then exposed to a light
through a photolithographic mask, on which the desired patterns have been previously printed. The
exposure to light causes a chemical change in the resist, which allows some of the photoresist to be
removed by a solution called “developer”. There are two types of resists: Positive photoresist
becomes soluble in the developer when exposed; while in negative photoresist, only unexposed
regions are soluble in the developer. Once a photoresist is no longer needed on the wafer it can be
removed either by dipping the wafer into acetone, or by using a plasma containing oxygen. Acetone
is also used to perform a lift-off, a process that will be presented below.

Lift-off
The lift-off process is a method to create patterning on top of a wafer using a sacrificial material. In
our case, we mainly need it to create metal patterning. Figure 4.6 details the lift-off of a metal: first,
we deposit a photo resist and open it by photolithography as described above. Then, the targeted
material (metal) is deposited on the whole surface of the wafer. Thus, the layer covers the remaining

l UV light

Negative resist
— — _
—_ _— —_

Metal
Development = depOSition Rl _
s —_—

Figure 4.6 - Detailed process of a metal pattern by lift-off technique
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resist as well as the semi-conductor where the resist was removed. By dipping the wafer into
acetone, the resist is removed, eliminating the above metal simultaneously. Only the metal that was
not above the resist stays on the wafer.

Metal deposition

During the microfabrication of a III-V device, metal deposition is required to form ohmic contacts.
There are two deposition techniques for metals: evaporation and sputtering. To form ohmic contact
on GaAs compounds, it is important to have a highly doped III-V layer, (so-called “cap layer”). For
the p-type GaAs, we deposit a Pt/Au (150 nm of Pt, 250 nm of Au) after a short etch of the III-V
surface by an Ar plasma. It removes the oxide, and roughens the surface, helping to get a better
adhesion between the metal and the semi-conductor. The n-type GaAs ohmic contact is less easy to
achieve, and requires a rapid thermal annealing at 400 °C to allow chemical intermixing and
interdiffusion between the metal and the GaAs. The best ohmic contact for n-type is AuGe/Ni/Au*®,
that we deposit by evaporation. However, for practical reasons due to the availability of the
evaporator during my thesis, another contact is often used for the n-type part when it is the back
ohmic contact: Ti/Pt/Au, deposited by sputtering. The good resistivity of AuGe/Ni/Au is essential
when it comes to front contacts with small grid patterns, but is less crucial when it comes to a full
wafer back contact.

Etching

Process flows can require different steps of etching: we can need to etch material in some specific
zones: the III-V material, a dielectric, or even a metal. There are several ways of etching such
materials: the chemical way (wet etch) and the plasma way (dry etch). Dry etching uses plasmas,
leading to physical and/or chemical phenomena. It is only physical when some ions of the plasma
directly bombard the surface of the wafer and removes material in an unprotected zone. This is the
case of the Ar bombardment used before metallization to etch the oxide. This technique can etch any
type of material: semiconductors, dielectrics, and metals. With high ion energies it is possible to etch
thick layers of III-V or metals by ion beam etching (IBE)'®. However this technique let damaged
surfaces and sidewalls, and is not selective. The chemical dry etch can be done by RIE (reactive ion
etching). It uses precursors that are chemically reactive to the material we want to etch. For
example, to remove SiO, materials, plasma of CHF, is used. To etch deep III-V materials, a specific
type of RIE will be used inductively coupled plasma (ICP) RIE. With ICP, very high plasma densities
can be achieved, leading to etch profile that tends to be more isotropic. The wet etch is a technique
in which we dip the wafer into a chemical mixture containing reactants that will etch the targeted
layer. Wet etchants are usually isotropic, which leads to large bias when etching thick films.
Depending on the chemistry chosen, the wet etching can be either selective, either non selective.

We just presented the standard techniques available in the III-V Labs clean room. Those
techniques will be used in the realization of the III-V tunnel junctions as well as the III-V solar cells
in next chapters.

1V.3.1. Tunnel junctions: first studies

This part presents the first studies performed in the III-V lab to grow and fabricate operating tunnel
junctions. We first calibrated the doping levels of the materials by using the dopants available in our
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MOVPE reactor: carbon for the p-doping and silicon for the n-doping. Then, we will present the first
III-V TJ grown and processed, along with its electrical characteristics.

IV.3.1. GaAs/GaAs first tunnel junctions

We first calibrated the doping levels of GaAs by MOVPE with the available precursors. We used CBr,
to p-dope with C, and Si.Hs to n-dope with Si. Both dopants are amphoteric, which means they can a
priori occupy group III or group V sites. With carbon we could reach p-type doping levels up to
1x102° cm-3, but with Si, we only reached a maximum n-type doping of 1.2 10 cm3,

Tunnel junctions were grown on (100) GaAs wafers. The typical structure of the TJs is presented in
fig 6.b. It consists of a n doped GaAs buffer layer, followed by a heavily doped n++GaAs layer of 30
nm, with a nominal doping level of 1.2x109 cm3, followed by 30 nm of p++ GaAs. The two samples
presented here differ in the p doping level: 43227 is doped at 3x10% cm3, and 43449 is doped at
1x102° cm3. Such low thicknesses have been chosen to ensure a low absorption in the tandem
device. A spacer was then grown on top of the TJ, followed by a 50 nm cap layer to unsure good

Front contact

Cap pGaAs (1x10**cm3) 50nm

Circles 200*200um b) Front contact

Cap pGaAs (1x10%°cm3) 50nm

*
a) Squares 290 200pm

Figure 4.7- a) Picture of a tunnel junction after processing b) material and device of the two considered tunnel junctions, c)

Spacer pGaAs (2x10*8cm) 300nm

Spacer pGaAs (2x10*cm) 300nm

TJ p++GaAs (3x10cm3) 30nm

TJ p++GaAs (1x10%°cm3) 30nm

TJ n++GaAs (1.2x10cm3) 30nm

TJ n++GaAs (1.2x10%cm3) 30nm

Buffer n:-GaAs:Si 500nm
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n-GaAs Substrate n-GaAs Substrate
Back contact Back contact

43227

43449

43227_0
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picture of the 4 probe characterization tool, d) comparison between 2-probe and 4-probe measurement
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ohmic contact.

The process flow is then performed as followed: with a lithographic mask we define several diodes
with different sizes, with Pt/Au on the p-doped front side. Figure 4.7.a. shows a picture of a quarter
of 2 inch. wafer after processing. We pattern some diodes with various sizes and etch chemically the
mesas between the diodes. As shown in Figure 4.7.a., it presents diodes ranging from 500*500 um?
to 100100 um?2. Finally, the back contact in AuGe/Ni/Au is deposited, and a rapid thermal
annealing at 400°C is performed to ensure a ohmic back contact. Those structures were measured at
room temperature in a four probes I-V bench, with a Keithley 2450 sourcemeter limited to 1A. A
picture of the measurement set up is shown in Figure 4.7.c. This setup was used at the GeePs
laboratory. Two front probes are placed on top of the diode, and the back contact is taken with two
conductive plates that are electrically separated. A 2-probes measurement would have induced
higher resistances, thus distorting the R measurement. Figure 4.7.d. shows the measurements of the
same TJ with 2 probes and 4 probes. The peak position is shifted to higher voltage, and the
resistance is higher in case of a 2-probe measurement. It is thus important to get rid of the probe
specific resistance.

Figure 4.8 displays the room temperature current density versus applied voltage characteristics (J—
V) of the 2 above mentioned tunnel junctions. Both curves exhibit the expected J-V curve shape
with a peak current at low bias, followed by a negative region, and a classical diode characteristic.
The peak tunneling current measured is around 3 A/cmz2. The resistance at low bias is slightly lower
for the sample 43227 (Blue triangles) than 43449 (Black squares) whereas its p-doping level is
higher. We would have expected a better Jycax because its effective doping level n.s is equal to
1.07x10% cm3 while the other sample has n.s =8.57x10'8 cm3. Anyway, the difference in resistivity
and Jpeax remains very small and not that relevant concerning the impact of the increasing doping
level in the p part of the tunnel junction. 4 A/cm? is lower than literature, but still good enough to
work under 1 sun illumination and up to 190 suns. The resistivity measured is of 1.04x102 Q/cm2.
At 1 sun, the voltage drop would be of 0.2 mV.
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Figure 4.8 - a) J-V curves of GaAs/GaAs tunnel junctions, b) ECV measurement of a p-GaAs/n-GaAs structure
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An ECV measurement of a structure
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tunnel junction: an n on p tunnel diode. As

presented in Chapter I, our device is Figure 4.9 - J-V characteristics of n on p GaAs tunnel
designed with a n-doped base, thus leading  junction

to the growth of p on n growth of tunnel

junction, which exhibits the tunneling properties presented above. However, we want to give the
path to select the other polarity, and thus verify if the reverse polarity (n on p) also works. The
reverse tunnel junction should, theoretically, exhibit the same characteristics, but the order of
deposition in the MOVPE could lead to some variations, such as a possible diffusion of dopants. We
thus grew and processed an n on p tunnel junction. The process flow was carried out the same way,
outside from the metals that were interchanged: we deposited AuGe/Ni/Au on the n-part of the
junction, which is the front side this time, and Pt/Au for the p-contact, at the back of the p-doped
wafer. The resulting J-V curve is plot on Figure 4.9. The Jpeax is a bit lower than the p on n tunnel
diode, but still in the same order of magnitude.

IV.3.2. Transparent tunnel junctions

Growing tunnel junctions with wider bandgap materials would ensure a better tansparency, thus
enabling more photons to reach the bottom cell. Therefore, we tried to perform AlGaAs/GaAs as
well as AlGaAs/GalInP tunnel junctions, with the same process flow. AlGaAs can easily be grown
with a p-type doping of 1x102°cm3 with carbon. However, lattice-matched GalnP is actually hard to
dope with the conventional dopants such as S or Si '**'*°. This TJ was grown with GaInP doped with
S, whose highest doping level was of 9x108 ¢cm3. The structures and J-V curves of these tunnel
junctions are shown in Figure 4.10. AlIGaAs/GaAs exhibits a slightly higher Jpea than the previous
GaAs/GaAs one. This confirms the predictions of Figure 4.3", but the Jpea only reaches 7 mA/cm?,
which is still very low compared to the values reported in literature (see Table 4.1). For the
AlGaAs/GalnP tunnel junction, we actually see a standard diode characteristic. No tunneling is
achieved. Integrating this “tunnel” junction into a tandem device under 1 sun would induce a loss in
Voc above 50 mV. The reason for this behavior could come from the fact that GalnP is not doped
enough. SIMS analysis was performed on this sample in order to have a better insight on the
dopants. Figure 4.11 shows the atom concentration of S (green) and C (red). The matricial elements
Ga (black), Al (blue) and In (red) are plotted to identify the AlGaAs and GalnP layers, and have an
idea of their thickness. By comparing the peak in indium that corresponds to the GaInP layer and
the peak in sulfur, we can easily notice, first that there is a very high incorporation of S in the layer
(almost 1022 atoms), and second, that it seems to have diffused, not only in the bulk, but also in the
upper AlGaAs layer. In addition to the fact that the active n doping level in GalnP is low, S diffusion
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may have induced a compensation of active p dopant in the AlGaAs layer. Consequently, we think
that the n-dopants available in our lab (S, Si) are not adapted for GaInP growth for tunnel junction
applications. To tackle this problem, the use of another dopant element must be investigated in
order to achieve high n-doping levels.

We have shown that we are able to grow GaAs/GaAs and AlGaAs/GaAs tunnel junctions with
Jpeaks Up to 7 A/cm?2, in both p on n and n on p polarities. However, we could not produce good
AlGaAs/GalnP junctions that exhibit standard diode behavior. Even if the performances of the
working TJ are suitable for 1 sun application, we might want to improve these devices, for possible
use under concentration, and to have transparent AlGaAs/GalnP TJs. Another motivation for
improving these devices is the possible effect of the subsequent PECVD growth of Si on this tunnel
junction. Also, as it was observed in Chapter III.3.3. Doped GaAs exposed to H. plasma:, the TJ
performances may be lowered by the hydrogen plasma that passivates the dopant atoms. Literature
results show that there is room for improvement, as best reported TJ up to now exhibits a Jpeak
above 10.000 A/cmz2. To catch-up state-of-the-art TJ, we propose to explore the use of Te doping.
This dopant was not available in the lab at the beginning of my PhD. We installed a new source on
the MOVPE system for that purpose. The two next parts of this chapter deal with the calibration of
the new precursor, the interpretations of the results to understand growth mechanisms, and the
electrical results on newly grown tunnel junctions using Te.

a) Front contact b) Front contact
Spacer + cap pGaAs Spacer + cap pGaAs
T) p++AlGaAs T) p++AlGaAs
(1x10%°cm3) (1x10%°cm3)
T) n++GaAs (1.2x10%°cm3) T) n++GalnP (9%10%%cm3)
Buffer n:-GaAs Buffer n:-GaAs

n-GaAs Substrate n-GaAs Substrate
Back contact Back contact
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Figure 4.10 - Structure and J-V characteristics of a) AlGaAs/GaAs tunnel junction and b) AlGaAs/GalnP
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Figure 4.11 - SIMS analysis of AlGaAs/GalnP tunnel junction.

IV.4. Calibration of n-doping with Te

Usual n-type dopants of GaAs material family by MOVPE are Si and S. Si is an amphoteric material
and thus self-compensates the doping level for free-carrier concentrations above 5x10% cm3 *’°. The
highest doping level achieved in our lab with Si was 1.2x10'9 cm3, as mentioned in the previous part.
The best TJ from literature report the use of another n-type dopant: Tellurium. It has strong
capacities to dope better the GaAs. Indeed, Te has a significantly lower diffusivity than Si and can
provide donors with lower activation energy. It also allows more abrupt doping profiles. Previous
papers report GaAs doping of 2x10% cm=3 by molecular beam epitaxy (MBE)"" or liquid phase
epitaxy (LPE)"?. Other studies showed doping levels up to 4. 10 cm3 by MOVPE using DETe
precursor>**?, Thanks to the strong motivation of Jean Decobert in installing a new precursor and
the help of Nicolas Paillet, we show here a new type of precursor, the diisopropyl telluride (DIPTe),
and to optimize the doping level of the layers grown, aiming at integrating into a tunnel junction.
We will first present some parametric studies of the precursor, before pointing out the importance of
the nature of the underlying buffer layers. Discussions based on the surfactant effect of Te will be
proposed to explain this behavior.
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IV.4.1. A new precursor in the lab: DIPTe

Aiming at doping GaAs with Te, a new precursor has been installed in the MOVPE reactor:
Dilsopropyl Telluride (DIPTe). This precursor is an organometallic that is widely used in the growth
of II-VI materials such as HgCdTe. However, literature report the use of DETe (DiEthyl-Telluride)
rather than DIPTe in MOVPE for III-V materials. DIPTe’s saturation vapour pressure is slightly
lower than DITe’s one. DIPTe precursor is liquid at room temperature and is delivered into a
stainless steel bubbler with a fixed temperature of 17 °C. Its line has a fixed pressure of 1950 mbar,
leading to a molar fraction of DIPTe into H. of 0.12 %.

IV.4.2. Parametric studies

A detailed analysis of the doping level as a function of several growth parameters is
presented here. Our calibration samples usually consist of a thick intrinsic GaAs buffer layer of 300
nm grown on (100) GaAs substrates, followed by a 100 nm doped layer of GaAs:Te, which is the
layer of interest. The stack is described on Table 4.1. The doping level of the GaAs:Te layers is
systematically characterized using Electrochemical Capacitance-Voltage (ECV), whose principle has
been introduced in Chapter II1.3.2. (p.83). When necessary, secondary ion mass spectroscopy
(SIMS) is used to determine the concentration of Te atoms. We study here the influence of the
DIPTe/III ratio, the V/III ratio, and the growth temperature, aiming at reaching the highest possible
n-doping level into GaAs to integrate into a tunnel junction.

Table 4.1 - Typical stack of calibration samples

Layer Thickness
GaAs:Te 100 nm
GaAs Buffer 300 nm
GaAs Substrate -

Influence of V/III ratio

Te atoms are n dopants, thus they substitute As atoms. We first study the influence of the
V/III ratio, by changing the AsH; flow rate at fixed DIPTe flow rate. To do so, we fixed the growth
temperature at T = 580°C and the TMGa flow rate at 15 sccm, and DIPTe flow rate at 3 sccm, and
varied AsH; flow rate. The resulting doping levels measured by ECV are shown in Figure 4.12.a. As
expected, the higher is the AsH; flow rate (i.e. the lower V/III ratio), the less Te is incorporated into
the layer. For the lowest V/III ratio used, we reached a doping level up to 3x10% cm3, which is
already as desired: above the maximum 1.2x10'9 cm3 achievable with Si dopant.
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Figure 4.12 - a) Carrier concentration as a function of IlI/V ratio with fixed growth conditions of T = 580 °C, on an
undoped GaAs buffer. b) ECV measurements for three different DIPTe flow rates

Influence of the DIPTe flow rate

As we want to reach a doping level as high as possible in GaAs, we now vary the DIPTe flow rate. The
100 nm layer of doped GaAs was grown at a fixed temperature of 580 °C, with a constant growth
rate of 22.9 nm/mn and a constant V/III ratio of 22.6. Here, only the DIPTe flow rate was modified:
1 scem, 3 scem and 5 scem. Figure 4.12.b. shows the carrier concentration profile measured by ECV
for each dopant flow rate. The carrier concentration increases while increasing the dopant flow rate.
As seen in Figure 4.12.b, for 1 sccm of DIPTe, about 1.2x10% cm3 is reached, and 2.7x10%9 cm3 for 3
sccm. However at the highest flow rate, 5 sccm, the dopant reaches a maximum value for which the
ECV measurement is unstable. This result is consistent with the results found in literature'’*, where
Te first increases with [DETe] mole fraction, then saturates. Nevertheless with a DIPTe flow rate of
3 scem, we managed to have a stable measurement of a layer doped at 2.7x10' cm3. Thus, for the
following studies, the DIPTe flow rate was held constant at 3 sccm and we studied the influence of
other parameters.

Influence of the deposition temperature
Temperature is a key element for incorporation of dopants. It must be high enough to dissociate
the DIPTe precursor; however the lower temperature, the better Te can incorporate into the GaAs

lattice. In this section, we study the effect of growth temperature upon dopant incorporation. The
growth temperature was varied from 530 °C to 680 °C.
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Figure 4.13 shows the Arrhenius plot of
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temperatures, the number of arsenic temperature

vacancies reduces, thus dropping the

concentration of substitutional vacancies for Te atoms. Indeed, increasing the growth temperature
increases the degree of thermal cracking of AsH;, leading to an As overpressure. The second possible
mechanism could be the re-evaporation of the Te atoms from the growing surface. It is worth
noticing that the doping level drops from 3.3 10 ¥ to 2.5 10 cm3 for temperatures dropping from
530 °C to 680 °C, whereas in literature, GaAs layers doped with DETe drop by about one order of
magnitude in the same range of temperatures*’*'”>. Thus, the incorporation of Te in GaAs layers
from DIPTe seems to be less sensitive to temperature modification than DETe.

1V.4.3. Effect of the buffer deposition temperature

In this part, we propose to study the impact of the underlying layer. Up to now, an intrinsic
GaAs buffer layer was used. We now grow the highly doped GaAs:Te on top of a lowly Te-doped
GaAs, because that is the buffer layer that will be integrated in the tunnel junction device. We also
propose to analyze the impact of the growth temperature of this buffer layer. Five different samples
have been grown with the structure shown in Figure 4.14.b. The varied parameters are: the buffer
nature (intrinsic or Te doped) and the buffer growth temperature. The parameters of the upper
layers were maintained constant: fixed temperature of 580 °C, 3 sccm of DIPTe, growth time.
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Figure 4.14 - Carrier concentration of the heavily doped GaAs:Te layer as a function of growth temperature of the
previous buffer layer for three different buffers : Te-doped and intrinsic GaAs.

The Te-doped buffer was grown with a lower Te doping level of 2x10'® cm3 at three different
temperatures: 530 °C, 580 °C and 680 °C, and the intrinsic buffer was grown at 580 °C and 680 °C.
The doping levels of the upper GaAs:Te layer are summarized in Figure 4.14.a. for different buffer
layers nature and growth temperatures. Note that the abscise temperature corresponds the buffer
layer growth temperature (and not the doped layer growth temperature), while the ordinate
corresponds to the carrier concentration of the 100 nm upper GaAs:Te doped layer. We notice that
the temperature of the buffer seems to have a strong impact on the Te-doped upper layer when the
buffer is already Te-doped. While, at 530 °C and 690 °C, the doping level remains around the same
order of magnitude than for an undoped buffer layer (2x10 cm-3), the doping level is surprisingly
much lower when the buffer has been grown at the same temperature than the upper layer (580 °C).
When the doped buffer is grown at a different temperature than the upper layer, the incorporation
of Te seems to be better, and the ECV measurements are consistent with SIMS analysis that have
also been performed on the same samples (not shown here). The most probable assumption is that
this behavior is due to the time break that happens between the growths of the two layers, which is
equivalent to an in-situ annealing. Indeed, as it is illustrated in Figure 4.15.a, when the temperature
between the buffer layer and the GaAs:Te layer does not change, the upper layer growth happens
directly after the buffer growth, with higher DIPTe flux, but no switch off. On the contrary, when the
growth temperature changes, the reactor heating (or cooling) happens without TMGa nor DIPTe.
The temperature stabilization usually takes around 15 minutes, and during this time, only AsH,
enters the reactor. This stabilization phase is similar to an in-situ annealing.

In order to verify that the doping level of the upper layer is increased thanks to an in-situ
annealing, the sample circled in Figure 4.14 was grown with the same GaAs:Te buffer grown at 580
°C, but this time with a 15 minutes break at 580 °C before growing the upper doped layer. Figure
4.15.b. shows the doping profile of the sample grown with a break between the GaAs:Te buffer layer
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and the highly doped layers as compared with the directly grown after the Te-doped buffer layer. We
see that the incorporation of Te in the upper layer is way more efficient with a break than without.
Here we reach a doping level above 3x10% cm3. SIMS analysis have been performed on the same
samples and confirm the same behavior: there is indeed less Te atoms in the sample that has been
grown with a lightly doped GaAs:Te buffer layer without break before the upper doped layer.
Consequently, our hypothesis seems to be confirmed: an annealing of the Te-doped buffer layer
before the growth of the highly doped GaAs:Te seems to be necessary to reach high doping levels.
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Figure 4.15 - a) Switching sequences of precursors in case of no temperature change (left) andwith a temperature
change (rigth) b) Doping profile of the upper doped layer grown directly after the buffer layer (purple circles), and
grown after an annealing (blue triangles)

This new experiment confirms that the difference in GaAs:Te doping level is due to a break
during the growth that leads to an in-situ annealing, rather than a temperature effect. However, as
seen in Figure 4.14, in the case of the undoped buffer layer, there is no significant change in the
doping level. We thus may think that the effect comes from the presence of Te in the buffer layer. Te
is known to have a memory effect >’ and to keep on being incorporated in layers grown after a Te-
doped layer. Thus, we would have naturally expected a higher doping level in the growth without in-
situ annealing, than in the growth where Te could have been desorbed. The following discussion
tries to interpret the behavior that has been brought out.

Discussion: Effect of surfactant on dopant incorporation

From the previous results, we have made the following observation: performing an annealing
after the buffer layer growth and prior to the highly doped growth enables to have a better Te
incorporation in the layer. In this discussion, we try to understand the mechanism that could be
behind this observation. To do so, we must consider one particularity of Te atoms: they act as a
surfactant (surface activating agent). In vapor phase growth, surfactants typically refer to substances
that accumulate at the surface during growth and alter the surface properties. It has been widely
seen in literature that Te affects the GaAs surface structure during MOVPE growth'***°, but its
effect on GaAs doping level has not been reported so far. Nevertheless, there are a few papers
dealing with the effect of other surfactants on the doping level of I1I-V compounds. They show that a
surfactant atom can modify the incorporation of dopants. Shurtleff et al.’®' studied Zn-doped GaAs
grown by MOVPE using Sb as a surfactant specie. It revealed that Sb slightly enhances the Zn
incorporation from 6x10'® atoms/cm3 to 9x10'8 atoms/cms3. However, in the same paper they show
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that the same Sb surfactant does not affect the Te incorporation. In a second paper9, they reveal the
same behavior on other p-type dopants: Zn, Be, Mg and Cd proposing the use of Sb surfactant as a
way to enhance the p-doping level. The same team also showed that Sb and Bi surfactants decrease
the incorporation of C, Si and S'*. They attribute this behavior to a higher amount of hydrogen
present at the growth surface, which helps the formation of volatile SiH, and H.S, that would both
desorb. A study on the incorporation of N into GaAs has been done by Dimroth et. al ®, using Te as
surfactant. They report that the presence of Te reduces the incorporation of N, similarly to our case
where Te surfactant seems to decrease the incorporation of Te dopant. They suggest that the
surfactant atoms might block the N adsorption and thus, the incorporation of N into the solid.
Garcia et al."® studied the surfactant effect of Te, but on GalnP: it reveals that Te and In react in the
gas phase and on the growing surface. When there is more Te is in the gas phase, there is more In
incorporated. They also show that the surfactant behavior of Te leads to a memory effect: an
undoped layer grown on a Te-terminated surface would be Te-doped. However, there is no
discussion about the effect of the presence of Te on the surface on the Te incorporation in the upper
layers. Anyway, even if literature do not deal with the incorporation of Te dopant with a Te
surfactant, it showed that a surfactant can be responsible for a decrease in the incorporation of an
atom. To understand the observations made in our sample, we suggest to study the growth
mechanisms of epitaxy using surfactant atoms, also called surfactant-mediated, so as to appreciate
how Te atoms from the buffer layer can have an effect on the upper layer doping level.

Surfactant mechanisms:
A surfactant is an atom that tends to segregate and steadily cover the surface. It has first been
demonstrated by Copel et al.*®** in 1989 on Si an Ge. Later, Grandjean and Massies '*° distinguished
two types of surfactants: on the one hand, non-

reactive surfactants, which are located on an (b)
interstitial sites. Their bonds with the
semiconductor are rather weak, and have the

effect to enhance the surface diffusion length. On

the other hand, reactive surfactants - including
Te - which are located in substitutional sites.

They exchange with the growing adatoms. Figure

4.16 shows the segregating process they i#
proposed. When a growing atom reaches the E
surface covered by surfactants (i), it creates

bonds with the surfactant atoms (ii). Then, the
segregation process imposes an exchange
reaction between the adatoms of the growing
layer and the surfactant atom, creating thus
bonds with the underlying layers (iii). Reactive
surfactants are known to reduce the surface
diffusion length. The exchange between the
growing adatom and the surfactant leads to a
subsurface incorporation. The surfactant atom is @®: Si or Ge
consequently back to the surface, ready to
exchange with the next growing adatom. At that
stage, it is harder for the new grown atom to
migrate because it would require to break their
existing bonds, explaining the reduction in

ot

[1: surfactant

Figure 4.16 - Schematic representation of atomic
mechanisms with reactive surfactant (from
Grandjean et. al. 186)
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surface diffusion length.

These mechanisms are consistent if we consider group IV materials. However, when it comes to III-
V materials, a more complex mechanism has to be considered. The same authors ** studied the
surfactant effect on GaAs and deduced that, “the exchange process occurs only when As and Ga
atoms are both present on top of a Te occupied site”. Later, combining experimental evidences and
simulation, Consorte et al."¥’ determined a plausible exchange process for GaAs with Te surfactant.
They proposed a cluster model to explain the growth process: the 3D view as well as the top view of
their model is depicted in Figure 4.17. Both As and Ga adatoms should be present near the Te
surfactant. Te atoms and As atoms move towards together, forming an As-Te bond (steps 1 to 5). In
the meantime, a Ga adatom can form a bond with the underlying As atom (step 4). Then, the As-Te
complex can rotate so that the As forms a bond with the new Ga. At this new position, the Te atom is
in a similar configuration than prior to the layer growth, and is ready to repeat the exchange process
and to help grow the next layer.
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Figure 4.17 - Exchange process between Te surfactant and GaAs (From Consorte et al.

By considering the growth mechanism that has been proposed by Consorte et al.'®’, we can apply it
to our observations with Te surfactant: if the surface of the Te-doped buffer layer is covered by Te
adatoms. When increasing the DIPTe flow rate in order to highly dope the next layer, Te must
replace As atoms to n-dope GaAs. It would mean that, to incorporate new Te atoms, at step 4 a Te-
Te bond should be formed. However, it has also been reported that dimerization of Te atoms is not
favorable **'®, Thus, this Te-Te bond is not likely to be formed and consequently than a As-Te one.
Thus, an incorporation of Te instead of As is not favorable when a Te atom is already at the surface
of the layer, because Te-As bond is more likely to be formed than a Te-Te bond. The in-situ
annealing performed after the buffer layer growth may have helped the Te surfactants to desorb.
More experiments would be necessary in order to confirm this exchange process, by for example
performing the same experiment with buffer layers containing other type of surfactants (such as Sb
or Bi'*), or on buffer layers doped with other atoms (S, C, Si...) to give us a trend on the dependence
of doping level with the nature of the underlying layer.

This parametric study allowed us to find the best growing conditions for having highly doped
GaAs. We showed the importance of the nature of the buffer layer, and especially its growth

temperature. We believe we understood that the presence of Te atoms at the surface of the buffer
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layer reduces the Te incorporation of the upper layer (the doping level has dropped from 2 to 1x10%9
cm3). Nevertheless, we showed that an in-situ annealing of the buffer layer helps having the
expected doping level of 3x10'9 cm3, probably because of the desorption of the Te atoms from the
surface. Thus, in the further realization of tunnel junctions, we will perform an annealing after the
growth of the lowly doped GaAs:Te buffer layer.

1V.4.4. Growth of ternary compounds

After mastering the growth conditions for GaAs, growth of transparent ternary compounds (GaInP
and AlGaAs) doped with Te has been studied in order to integrate into an AlGaAs/GalnP
transparent tunnel junction. Literature shows that it is rather easy to reach high doping level in
GalnP"*"***! even if the addition of Te affects the amount of In incorporated. By using the same
conditions than in GaAs (DIPTe flow rate, V/III ratio, temperature), the conditions for our usual
lattice-matched intrinsic GaInP had to be adapted, because we are used to grow GalnP at 680°C
instead of 580°C. At lower temperatures, more In was incorporated into the crystal. After a few
iterations of depositions and XRD characterizations changing the TMIn flow rate, we could grow
lattice-matched GaInP doped at a satisfactory doping level 2.5 1029 cm3. The ECV measurement of
the calibration sample is shown inFigure 4.18.a. However, the doping of AlGaAs was more difficult
to achieve. There are few papers'’**>'* reporting the study of Te doping in AlGaAs, but they do not
report high doping levels. After a few trials that led to the doping profile presented in Figure 4.18.b.,
with a maximum doping level of 5x10 8 cm3., we decided not to further explore the n-doping of
AlGaAs.
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Figure 4.18 - ECV measurements : best doping profiles obtained for a. GalnP doped with Te, b. AlGaAs doped with
Te.
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IV.5. Characterization of tunnel junctions doped with Te

IV.5.1. n on p tunnel junctions

With the growth parameters determined in the previous part, tunnel junctions were grown
on (100) p-GaAs wafers, and processed using the same process flow than presented in Figure 4.19.
shows the ECV measurement of a GaAs/GaAs tunnel junction grown with the best conditions, as
compared with the SIMS measurement of the two dopants: Te and C. We achieved 2x10'9 ¢cm3 in the
n-doped part. If we compare with the SIMS measurement, we see that not all the Te incorporated in
the layer is activated. There is close to 1x102° cm3 atoms of Te in GaAs. Nevertheless, an active
concentration of 2x10 cm3 is high enough to ensure good tunneling properties. At the junction, the
ECV measurement is not reliable, and we trust the SIMS profile, which shows a very sharp interface
between n- and p-layers. The p-doped layer seems to be less doped than expected (the nominal
doping level was 1x102° cm3, but only 2.5%10% ¢cm3 was measured by ECV). This behavior is not
fully explained, but the sample has nevertheless been processed and measured, its doping levels
being sufficient to allow tunneling at the junction.
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Figure 4.19 - ECV measurements (full symbols) as compared with SIMS analyses (open symbols) of a n on p
GaAs/GaAs tunnel junction doped with Te and C.
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Figure 4.20 - a) Tunnel junction structures b) and J-V characteristics

Figure 4.20.a. shows the various TJ processed, in comparison with the previous Si-doped one. The
three new samples are doped with Te: GaAs/GaAs, GaAs/AlGaAs and GaInP/AlGaAs. Samples were
processed the same way that the previous TJs. We thus measured several diodes with different sizes.
For all Te-doped samples, measurements on big diodes (500 um* 500 pum and 200 um * 200 um)
were hard to perform, because our I-V bench was limited to 1 A, thus the current was saturating.
Though, on the smallest diodes (100 um * 100 um), we managed to have the J-V curves. For the
GalnP/AlGaAs tunnel junction (green curve), we faced troubles measuring the J-V curves: the
100*100 diodes were “burning” during the measurement. We attribute this to a high resistance
between the probes and the metal, leading to a local overheat. Thus, we only plot the measurements
on 200 um squares diodes. The J-V characteristics of the considered tunnel junctions are presented
in Figure 4.20.b. The black curve corresponds to the previous sample n-doped with Si as a
comparison. It has been plot in logarithmic scale, because the difference in Jpeax is of several orders
of magnitude.

Table 4.2 - Performances of n on p tunnel junctions

sl | mmme | e dpeen | cediore ‘('Re;zmz) ?g‘iflkmz)

GaAs GaAs C Si 1.5 2.10X102
GaAs GaAs C Te 250 3.14X104
AlGaAs GalnP C Te >2500 17.23X10°5
AlGaAs GaAs C Te 3080  6.29x10°
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Table 4.2 summarizes the Jpeax and Rpeax of the four structures. First, for the GaAs/GaAs tunnel
junction, we reach a Jpeak of 250 A/cm? (blue curve), which is more than 100 times higher than the
Si-doped one. By using GaAs/AlGaAs TJ (red curve), we still gain more than one order of
magnitude: we reach above 3000 A/cm2. This is consistent with the numerical simulations
presented in Wheeldon et al.”™ for a given effective doping level (Figure 4.3). We find a resistivity as
low as 6.29x105 Q.cm2 Regarding the GaInP/AlGaAs TJ, despite the measurement issues already
mentioned, we managed to measure the beginning of the curve, until the bench saturation at 2500
A/cm2. However, theoretically, AlGaAs/GalnP tunnel junctions should not have as good
performances as our AlIGaAs/GaAs tunnel junction, thus we can also wonder if this TJ is shunted. In
order to be able to measure this TJ, our perspectives are, first, try other contacting probes. We are
using probes made of Tungsten (W), however we may hope to avoid burning the diodes by using
other type of probes such as Au or Be. Also, designing a new lithographic mask with intermediate
sizes (150%*150 um for example) could help understanding the behavior of this TJ, and would be
more adapted to high Jpea tunnel junctions. Actually this mask has already been designed, on which
we also add of transmission line measurements (TLM) patterns in order to measure the contact
resistance. However it has been received at the end of this PhD and has not been used in this study.
Anyway, if this TJ is not shunted, its resistivity is in the same order of magnitude as the
GaAs/AlGaAs one (~3.x105Q.cmz2), exceeding the required performances of our application.

Thus, these results prove that Te is a good candidate to achieve n-doping levels for tunnel junctions
suitable not only for 1 sun application, but also for solar cells working under high concentration.

IV.5.2. p on n tunnel junctions: importance of ohmic contact

While most of the literature studies report n on p tunnel junctions, in our project the required
polarity is p on n. Thus we grew the similar structures on n substrate. Learning from our
observations of Chapter IV.4.3 (p.105) after the growth of the n buffer layer, we performed an in-situ
annealing so as to maximize the n-doping level in the TJ. The diodes were then processed by
depositing Ti/Pt/Au on the full back wafer and Pt/Au in front. At first, no contact annealing had
been performed. The resulting J-V characteristics of a GaAs:C/GaAs:Te tunnel junction is shown in
Figure 4.21.b. Interestingly, we measured an unusual shape. We first suspected a possible memory
effect of the Te, which would have lowered the p doping level, even if we tried to avoid this memory
effect by also performing an in-situ annealing prior to the p++ growth. Anyway, it may have still
reduced the p++ doping level. To verify the doping levels, we performed the ECV measurement on
this sample, shown in Figure 4.21.c. We notice that the doping levels in both parts of the tunnel
junctions are similar to that of the previous working n on p diodes (see ECV in Figure 4.19). The
interface is, as already explained, a measurement artefact, but Te diffusion into the p-part should
not be the reason for the lack of tunneling at low bias. Thus, this TJ should show a usual TJ J-V
curve. Looking at literature, we found one paper where the same behavior has been observed **.
They attribute this to a too low doping level of the cap layer that subsequently prevents from
forming a good ohmic front contact. Actually, we realized on the same ECV measurement, that no
highly doped cap layer was grown on this sample. The doping level of the top layer is close to 1x108
cm3, which is probably too low to ensure good ohmic contact. Thus, we grew the same sample, but
this time with a doped cap layer. In the meantime, AlGaAs/GaAs and AlGaAs/GalnP tunnel
junctions were grown, also with the right cap layer. The details of the layers are presented in Figure
4.21a.. The full device is similar to that of the previous studies (n-buffer layer on a n substrate below
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the TJ, and a spacer followed by a cap layer on top). The J-V characteristics of all the new samples
are depicted in Figure 4.21.d. All the characteristics display diode-like behavior. As a comparison,
the one n-doped with sulfur has also been plot (blue curve). We notice that the newly doped layers
have a pretty good resistivity at low bias (about 2x103 Q.cm2), even if they do not exhibit the typical
shape of a TJ with the negative region. This resistivity is even better than the first TJ grown in the
first part of this chapter. We thus think that there is actually tunneling occurring in this layer, but we
do not manage to measure the negative resistance. The fact that we do not see this negative region
could come from two reasons: either, the dislocation density in the layer is too high™*, or the contact
resistance is too important'®®. We thus decided to perform an annealing of several processed
samples, hoping to obtain a better ohmic contact. After 1 mn of Rapid Thermal Annealing at 400 °C,
the samples we re-measured. The resulting J-V curves are plot in Figure 4.22, cas compared with
the same TJs before annealing.
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Figure 4.21 - a) structure of 4 tunnel junctions b) J-V characteristics of a p on n GaAs/GaAs tunnel junction with lowly
doped cap layer. c) ECV measurement on the same GaAs/GaAs TJ, d) J-V characteristics of 4 different p on n tunnel
junctions with highly doped cap layer

The result show, this time, the expected shape of a tunnel junction. Both AlGaAs/GaAs and
AlGaAs/GalnP TJ have similar properties with Jpeas around 1500 A/cm?2. This shows that the quality
of the ohmic contacts is essential in order to properly characterize a tunnel junction. The fact that
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Figure 4.22 - J-V characteristics of AlGaAs/GalnP (black) and AlGaAs/GaAs (red) tunnel junctions before (open
symbols) and after annealing (full symbols)

the two p on n TJ are similar comfort us on the fact that beginning of the curve of n on p
AlGaAs/GalnP that we could not properly measure in Figure 4.20 is probably real, and not due to a
shunt. Thus, we showed that we were able to also fabricate very good p/n tunnel junctions that are
fully suitable with the final IMPETUS tandem device. We also pointed out, despite the necessity of
enough doped layers for the TJ, the importance of the device grown, and especially its ohmic
contact. A TJ can be a good TJ, but with bad contacts, it is possible that we cannot detect it in the J-
V measurements. However, we proved with both n on p and p on n tunnel junctions that Tellurium
was the good candidate for high n-type doping of TJ structures.

IV. 6. Towards hybrid tunnel junctions

In the tandem device, the tunnel junction can be made as presented in the previous part, with III-V
materials. On top of this III-V TJ, the Si epitaxial layer will be grown, which may induce interface
defects between the GaAs and the Si, mainly with misfits dislocations. We do not have insight on the
electrical activities of theses defects, but there are likely to induce recombination at the interface
between Si and GaAs. In this part, we explore the possibility of taking advantage from these
interface defects, by placing them at the middle of the tunnel junction. These defects would possibly
enhance the tunneling via trap-assisted-tunneling’s. In a recent paper, we presented numerical
simulations of such hybrid GaAs/Si tunnel junctions™, showing that even without defects at the
interface, both n-Si/p-GaAs and p-Si/n-GaAs heterostructures can tunnel if the layers have a
sufficient doping level (> 2x10' cm3). Here, we present the development of the growth of doped Si
by PECVD on GaAs, aiming at having highly doped Si for hybrid tunnel junctions. Previous works at
the LPICM have shown the possibility of growing doped silicon on silicon (100) wafers ®. The main
challenge was to adapt the conditions to deposit these layers on doped GaAs grown by MOVPE. The
details of these PECVD growths are presented here.
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1V.6.1. n-type c-Si with PH3

For each sample, the cleaning and the deposition were performed in two different chambers of the
Arcam reactor. One chamber was dedicated to the in-situ SiF, cleaning, and the other one to the
short H, plasma, followed by the deposition of doped Si, in order to avoid any contamination during
the crucial step of substrate cleaning. Before each new deposition, a precoating of the chamber walls
with intrinsic silicon was performed, in order to limit the contribution of the dopants present on the
walls of the reactor due to the previous deposition.

In this series of experiment, we present the growth of doped Si on top of GaAs. We first present the
deposition of phosphorus doped layers, in ARCAM reactor. The depositions were made at 175 °C
using the best epitaxy condition that was determined earlier. In this part, we propose to deposit the
layers not on GaAs wafers but on GaAs layers that have already been epitaxially grown by MOVPE.
The PH; bottle used was diluted at 0.01% into hydrogen. The depositions were made at 175 °C on p-
doped GaAs:C samples grown by MOVPE. The cleaning of the GaAs substrate was done in-situ with
the conditions gathered in Table 4.3.

Table 4.3 - Cleaning and growth conditions of doped Si layers on GaAs (Arcam)

Step Time Pressure RF Power SiF, H, SiH, PH3
Cleaning 4 mn 15 90 mTorr 1w 30 scecm - - -
2 mn 9o mTorr 5W 30 sccm - - -
30s 2.1 Torr 30W - 200 scem - -
Deposition | 10 mn 2,1 Torr 30 W - 200 scem 34 scem 0-3—5—10 sccm

Four different samples were grown with PH; flow rates ranging from 0 to 10 sccm, which is the
maximum value of the mass flow controller. The ellipsometric spectra of the epitaxial layers are
presented in Figure 4.23.a. We can see that the introduction of PH; decreases the crystalline fraction
of the c-Si layer, as compared with the intrinsic c¢-Si layer grown on the same epi-GaAs wafer.
However, increasing the PH; flow rate from 3 to 10 sccm does not significantly modifies the value of
E, or E,. The samples were co-deposited on an intrinsic GaAs wafer in order to perform Hall Effect
measurements. The resulting values obtained are gathered in Figure 4.23.b. As expected, the higher
is the PH; flow rate, the higher is the n-doping level. For 10 sccm, we could reach 1x102° cm3. SIMS
analysis on the sample grown with 10 scem also revealed 1x102° cm of PH;, thus a full activation of
the dopants. Those values are consistent with the results that have been obtained on Si substrates
using LT-PECVD®. Note that the phosphorus doping efficiency in c-Si is much higher than in a-
Si:H. Experimentally, we used a bottle of PH; diluted to at 0.01% in H., while to have similar doping
levels in an amorphous layer, we used phosphine diluted at 1% into H.. In the Octopus reactor, as
mentioned in Chapter II, the dilution of the phosphine was 0.1%. It is too diluted to ensure a good
doping of the amorphous layer (hence the need of adding a micro-oxide to ensure a good ohmic
contact in our heterojunction solar cells), but it is adapted to ensure a good control of the doping
level in crystalline Si.
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Figure 4.23 - Ellipsometric spectra of silicon thin films grown on epi-GaAs with various PH; flow rates

1V.6.2. p-type c-Si with TMB

The growth of boron-doped epitaxial film has also been studied. We use trimethylborane (TMB),
2%-diluted in H,. As for PH,, we used the optimum cleaning and deposition parameters to grow
crystalline Si on GaAs i.e. the same parameters than reported in Table 4.3. and added 0.5 sccm and
0.8 sccm of TMB. The growth was performed at 175 °C, and the films were codeposited a c-Si
substrate and an epitaxial film of n-type GaAs doped with Si. The ellipsometric spectra of the
deposition with the two flow rates of TMB are shown in Figure 4.24.a, as compared with intrinsic
epi-Si. The squares correspond to the depositions made on Si substrates, while the simple lines are
deposited on epi-GaAs layers. We notice that the depositions of boron-doped layers are crystalline
on Si substrates. For 0.5 sccm of TMB (blue curve), the crystallinity is already lower than that of (i)-
epi-Si as deduced from the intensity of the peaks at 3.4 eV and 4.2 eV. For 0.8 sccm, the crystalline
quality keeps on dropping, with an intensity at E, and E, around 28. On GaAs wafers, both boron-
doped layers are found to be 100 % amorphous. We tried to increase the etching time in order to
have a better surface preparation (4mni15, 6mn, 8 mn and 10 mn), but all the results on GaAs were
amorphous. Then, we performed the growth at lower temperature: 150 °C. The ellipsometric spectra
of this new deposition with 0.5 sccm of TMB on Si and GaAs are shown Figure 4.24.b, in blue, and
compared with the intrinsic growth at 175 °C (black) and the growth with 0.5 sccm of TMB at 175 °C
(red). This time, the film grown on GaAs wafer was epitaxial. We can even notice that the growth of
doped Si on GaAs at 150 °C has a better crystalline quality than that of the intrinsic layer grown at
175 °C on GaAs, as judged by the higher value at E,=3.4 eV. Also, on Si substrate, for the same TMB
flux of 0.5 scem, we see that the quality of the film grown at 150 °C (blue squares) is better than the
one grown at 175 °C (red squares).
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Previous studies in the lab have shown that the TMB is not really sensitive to the change in substrate
temperatures (Labrune’s thesis, '’ p172). By growing epi-Si with 0.8 scem of TMB with temperature
ranging from 175 °C to 225 °C, no significant change in the ellipsometric spectrum was observed.

However, we cannot compare our results on Si substrates with theirs, considering that they cleaned
their Si substrates with ex-situ with HF dipping, while the in-situ cleaning that we used in these
experiment is not optimized for Si growth. Thus, it is possible that the quality of the epitaxial growth
of p-doped Si on Si is better at 150 °C than 175 °C due to the fact the in-situ cleaning has been
performed at 150 °C instead of 175 °C. Actually, no study of the effect of the chamber temperature
during SiF, plasma has been performed yet, thus, we do not know exactly how the surface
preparation is affected by the in-situ cleaning. Nevertheless, we found that performing the in-situ
cleaning and the boron-doped Si deposition on a GaAs substrate led to an amorphous layer when
performed at 175 °C and to a crystalline one at 150 °C.
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Figure 4.24 - a) Ellpisometric spectra of Si grown with TMB on Si substrate (squared) and on epi-GaAs (lines) with
various TMB flow rates, b) Ellipsometric spectra on Si and epi-GaAs at various TMB flow rate and temperatures

Hall Effect measurements were also performed on the boron-doped Si layer grown, that was co-
deposited on a semi-insulating GaAs substrate. For 0.5 sccm of TMB, we measured an active doping
level of 3x10% cm3. SIMS analyses showed around 8x10' ¢cm boron atoms in this epitaxial layer of
180 nm grown with 0.5 scem of TMB. It means that boron is not fully activated. However, this
doping level should be high enough for hybrid tunnel junction integration.

IV.6.3. Characteristics of hybrid tunnel junctions

Thus, we managed to grow both n-type and p-type silicon, with respective doping levels of 1x1020
cm3 and 3x10% cm3 on GaAs epitaxial layers. A n-Si on p-GaAs tunnel junction has thus been
fabricated using the previous deposition conditions. p-GaAs with 1x102° cm3 was grown by MOVPE
and n-Si with 1x102° cm3 by PECVD. The back contact was made with Pt/Au, and the front contact
in Ti/Au was deposited directly on the doped Si layer (~120 nm thick), without adding spacer nor
cap layers. The resulting J-V curve measured is presented in Figure 4.25., as compared with the
synthesis of all our III-V tunnel junctions presented in Figure 4.20.b. The hybrid junction
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characteristics before annealing show a diode-like behavior, without tunneling effect. The voltage
drop at a typical Jsc around 21 mA/cm? would be of 0.06 V if this junction was integrated in a
tandem solar cell. The main hypothesis for such a behavior comes from the observation made in
Chapter I11.3 (p.82), the PECVD process has reduced the p-doping level in the GaAs at it surface;
because of the formation of C-H complexes that deactivates the dopants. In an hybrid device, the
doping level at the surface of GaAs is even more crucial, as it corresponds to the tunneling interface.
It is also possible that the contact performed on the Si side (Ti/Au) is not good enough, and thus
prevents from measuring the real J-V curve, as we have also observed in Figure 4.20. We performed
an annealing at 350 °C as suggested by the results from Chapter II1.3.3 (p.84), in order to recover
from this doping level reduction. The J-V curve after annealing show a resistance of 9x104 Q.cmz2,
which is even better than our previous GaAs/GaAs TJ doped with Si (black line), and slightly lower
than that of the one doped with Te (in blue).
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Figure 4.25 - Hybrid Si/GaAs junction as compared with I1I-V tunnel junctions before and after annealing

This is a very promising even though the measurements did not permit is to see the negative region
of the J-V curve, thus it is hard to conclude on the performances of this tunnel junction. Literature
has shown with modelling that in case of a material containing a too high defect density in the
tunnel junction doped layers, the negative region cannot be visible'. Considering that the doped Si
is more defective due to the high concentration of phosphorus, this may explain our results. But
other hypotheses can be raised, linked to the front contact: 1) either this contact exhibits a resistivity
close to the one measured (9x104 Q.cm2), and the tunnel resistivity is so low that it cannot be
distinguished, or, 2) the p-n junction is simply shunted, due to the metal diffusion during annealing.

Once again, we show that the tunnel junction performance does not only rely on the doping level of
the p- and n- layers, but also on the design and the process of the structure. The need to use
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appropriate ohmic contacts that do not risk diffusing in the layer over annealing is primordial. A
‘bad’ J-V characteristic of a separated TJ device does no necessary means that the TJ itself is not
functioning. It could work once integrated in a tandem solar cell, away from any poor ohmic contact
issue or metal diffusion. This study requires further experiments in order to assess whether or not a
hybrid tunnel junction is feasible. A new lithographic mask for tunnel junctions that includes TLM
(transmission line measurements'®®) patterns has been fabricated. TLM measurements allow
assessing the specific resistance of a contact on a semi-conductor. We will thus be able to verify the
resistance value after each metal deposition, and if it has diffused after a 3-minutes annealing at
350°C.

IV.7. Conclusion

This chapter introduced one of the building blocks of the IMPETUS tandem solar cell: the tunnel
junction (TJ). This essential part of the device allows carriers to flow from one subcell to the other,
by tunneling effect. We developed I1I-V/III-V TJ using standard dopants C and Si. They exhibit
good peak tunneling current of 7 A/cmz2, with a resistivity of ~1x102 QQ/cm2. These values are
sufficient for a tandem solar cell working under 1 sun. However, we could not grow efficient
transparent AlGaAs/GalnP tunnel junctions with those dopants. The development and
understanding of the growth of n-type GaAs with DIPTe precursor was undertaken. We first show
that Te incorporation with DIPTe is less sensitive to the growth temperature than with DETe, the
usual precursor used in literature. We found that the presence of Te in underlying layers reduces the
incorporation of Te in the upper highly doped layer. We suggest that it is due to the surfactant effect
of Te, and propose a mechanism to explain the lower incorporation of Te. We show that annealing
the underlying layer avoids this reduction in dopant incorporation. Using this dopant allowed to
reach n-type doping levels above 2.7x10 cm3.

The fabrication of both n on p and p on n tunnel junctions doped with Te led to state-of-the-art
performances: peak tunneling currents up 3000 A/cm? along with resistivity of 6x105 QO/cm? have
been measured, which is way higher than required for our tandem solar cell. We also pointed out the
importance of the design of the test structure, and especially of the ohmic contacts. We explored the
possibility of doing hybrid Si/GaAs tunnel junctions, but could not conclude on their performances
due to too many uncertainties concerning the contacts. This path still remains to be further explored
for the integration in the tandem solar cell. Further development of the tandem cell in this thesis, we
will use ITI-V tunnel junctions doped with Te, whose good performances have been proven.
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Chapter

ITI-V solar cells processing and
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Chapter 5

This chapter deals with the process development of two main building blocks of the tandem device
that we aim to fabricate: the III-V sub-cell, and its bonding to a foreign substrate. We first present
the design of the structure and the realization of the device in clean room environments. The II1I-V
lab has a strong expertise in I1I-V materials for optoelectronic and photonic devices, but its expertise
had to be adapted to our application: photovoltaics. Combining the strong know-how in PV of
LPICM together with the techniques available in the III-V Lab clean rooms was one of the
milestones of my PhD. While the classical techniques used in III-V industry (MOVPE and clean
room technologies) have been introduced in the previous chapter, we present here their application
to the growth and processing of an Al,...Gao.78As solar cell structure. Then, we assess the final step of
the realization of the tandem solar cell: the bonding, followed by the substrate etching and cell
processing. First on single inverted III-V solar cells, then on an inverted Si/AlGaAs tandem solar
cell, we detail the numerous technological challenges that we have to overcome in order to
successfully complete the tandem device.

V.1. AlGaAs solar cells

V.1.1. AlGaAs solar cell structure

GaAs single solar cells have been developed for many years. Back in 1990, MOCVD grown GaAs
cells reached a 24.8 % under 1-sun AM1.5'%. Indeed, the GaAs bandgap of 1.42 eV is closed to the
optimum bandgap for AM1.5G solar spectrum, as presented in Chapter I (Figure 1.1). Moreover,
unlike Si, it has a direct bandgap, thus requiring only a few microns of GaAs to absorb totally the
photons with energies above 1.42 eV. More recent works have enabled to reach 28.8% conversion
efficiency under 1 sun2c24. The detachment of the thin active layer from its substrate by a lift-off
process enables to add a metallic back reflector, which lowers the required active region thickness.
Furthermore, the substrate can be reuse, cutting down the costs.

However, for integration in a tandem device, a bandgap higher than 1.42 eV is needed. Simulations
show that the required bandgap to be in current matching condition with Si should be around 1.74
eV. This bandgap corresponds to AliGa;xAs with x = 22 %. AlGaAs is chosen because it stays lattice-
matched to GaAs while varying x, as introduced in Figure 1.5, thus the bandgap can be easily tuned.
Extensive studies of AlGaAs with x>20% solar cells grown by MBE201-203 2049r MOVPE205-207 have

Table 5.1 - GaAs and AlGaAs performances reported from literature (200 216, 205,204,207

Reference Dep. Structure %Al Voc Isc FF T
Technique (%) (\")] (mA/cm?) (%) (%)

Kayes 2011 MOVPE p/n 0 1,107 29,6 84,1 27,6
Van Geelen 1997 MOVPE p/n 0 1,038 27,15 84,6 23,9
Virshup 1985 MOVPE n/p 20 1,18 14,5 83 14,2
Yazawa 1994 MBE n/p 22 1,2 12 80 13,7
Heckelmann 2015 MOVPE n/p 20 1,246 15,8 85,9 16,91
This work MOVPE p/n 22 1,24 17,33 81,75 17,62
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been carried out, leading to conversion efficiencies around 14% for MBE grown Alo 20Gao.s0As solar
cell and up to ~17% for MOVPE grown Aly .0Gao.s0As. A summary of a few GaAs and AlGaAs record
solar cells are presented in Table 5.1. Also, the typical structures of the solar cells in case of a p-type
base and a n-type base are shown in Figure 5.1. We developed AlGaAs solar cells with an Al content
of 0.22 %, by using a structure similar to that of Figure 5.1.b. The various layers of our final tandem
solar cell is presented in Figure 5.2.a., and corresponds to the structure that has been used for
simulation in Chapter 152. The main reason why we chose a n-based subcell is that, as deduced from
Chapter I1.2.2. (p.37) we must avoid performing annealing at temperatures higher than 250°C. As a
good ohmic contact on n-doped GaAs requires an annealing at 400 °C (Chapter IV.5.2 (p.113)), a p-
type contact should be preferably used, hence our polarity choice. We consequently realized the
structure detailed in Figure 5.2.b. An AliGa,<As solar cell with x=0.22 so has to be current-matched
with the Si subcell, that corresponds to a bandgap of ~1.74 eV.
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Figure 5.1 - a) Typical n on p structure (from Virshup et al.””) b) Typical n on p structure (from van Geelen et al*™.)

In addition to the thick base (2 um) and thin absorber (around 100 nm), the structure of III-V
solar cells contains several additional layers. On the top, a window layer is added in order to
reduce recombination losses by reflecting the minority carriers. It consists of a high bandgap
material, usually in Al\Ga,.\As with x> 0.6 % or GaInP. In n-type base structures, the use of AlInP
window has also been studied2c7. As AlGaAs is known to be rapidly oxidized, a oxidation-barrier
must be added when used as a window layer. Also, on top of the window layer, a so-called “cap
layer” is added. It is the contact layer made of a highly doped GaAs layer that will help forming
good ohmic contact with the metal. This contact layer often serves as an oxidation barrier. It is
etched at the end of the process, before depositing the antireclective coating, as schematized in
Figure 5.1.b. However, to avoid the oxidation of the underlying AlGaAs window, those two steps
must be performed successively. In our case we added a thin (10 nm) transparent GalnP layer, in
case the two steps cannot be done at the same time, as it has been previously experimented in the
lab92. At the back of the solar cell is added a back surface field layer (BSF), which, as the window
layer, is inserted in order to reflect the minority carriers at the back and thus avoid their
recombination in the thick GaAs substrate.
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Figure 5.2 - a) Complete structure of the tandem solar cell b) Al0.22Ga0.78As solar cell structure grown by MOVPE on
GaAs substrate

V.1.2. Grid design

Designing a metallic grid for a III-V cell was another step of the process flow elaboration. Using
the same mask as for Si cells was not conceivable, for two reasons : first because we are not working
on quarters of 4 inches wafers anymore but on 2 inches, and second because the density and
disposition of the fingers have to be changed. Indeed, carrier diffusion length in GaAs is much
smaller than in Si. In order to collect these carriers, the fingers must be placed closer. We thus had
to define a new design, and fabricate a dedicated lithographic mask. Grid designs found in literature
of I1I-V solar cells208209 are composed of two thick busbars connected with thin fingers, as shown in
Figure 5.3. Several parameters can be varied: the cell designated area (L2), the finger pitch ps, the
finger width wy, and the busbar width wy. The most relevant parameter is the density of metallic
fingers, linked to pr and wr. On the one hand, we need a high contact density because it reduces the
impact of the surface sheet resistance, and thus allows more current to flow. On the other hand, as
the metal is not transparent, the shading will be more important and fewer photons will reach the
semiconductor and be absorbed. Therefore, a trade-off had to be found between a low sheet
resistance and a low shading.

According to Steiner et. al.2%9, the choice and optimization of the grid for solar cells working at
low concentration is not as crucial as in high concentration applications. As our project is focuses on
low concentration applications, the need of optimization is not that critical, but we took care of
choosing relevant parameters. We converged on 6 different designs. We chose to design square cells,
with two different cell areas: 1x1cm?2 and 0.5x0.5 cm?2. For each size, the fingers were separated by a
pitch of 100 um, 200 uym and 300 um, resulting on shading factors of 10%, 5% and 3.3%,
respectively. Tables in Figure 5.3 sum up the parameters of each 3 pattern. The busbar width was
fixed in order to be thick enough to ensure an easy manipulation of the probes while doing the
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measurements. We picked wy, = 600 um. The finger width was fixed at 10 um, and we varied the
finger pitch, linked to the shading factor.

a) b)
Finger width (wy) 10 um
Busbar width (wy,) 6oopm | 00/ ¥V . e
Cell length (L) 1cm & 0.5 cm

A ¢ e

Finger pitch (py) Shadmg factor

A 100 um 10% NN S| e
B 200 um 5%
C 300 um 3.3%

Figure 5.3- a) 3 different patterns with various busbars and finger dimensions of the tested cells. b) L-edit screenshot of
the grid disposition on a 3 inch. wafer. The 3 configurations are tested on 1x1 cm2 and 0.5x0.5cm’ cells.

Consequently, we chose 3 design patterns named A, B and C in Figure 5.3.a., each one used on
large cells (1x1 cm?) and small cells (0.5x0.5 cm?), resulting in 6 different designs. Using L-edit
software to design the lithographic mask, we distributed these 6 designs on a 3 inch. wafer. We
decided to define a zone of 5 mm around the wafer without any cell, so as to avoid uncertainties due
to edge effects (spin-coating inhomogeneity, clamps holding the wafer during metallization etc...).
We also tried to arrange it so as to have as many cells as possible on a 2 inch. wafer. Indeed, we
anticipate the fact that this mask could be used by other users in the lab, working on other materials
on 2 inch. wafers. Each design has been repeated and placed in different zones of the wafer (center,
border...). This ensures significant statistics to check reproducibility and deduce some trends. We
also took care of making the mask as symmetrical as possible, to anticipate eventual cleavage of the
wafer during the process flow. The final distribution is shown in Figure 5.3.b.: the large cells (1x1
cm?) are repeated 4 times each, and the small ones (0.5x0.5 cm?) between 8 and 9 times each,
resulting in 40 different cells to be tested on the wafer.

busbars

/N

mm Anti reflective coating

AlGaAs cells
mm GaAs substrate

I Metal

Figure 5.4 - Cross-section schematic of the targeted device after process
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In this part, we chose to test 6 different designs: 2 cell sizes along with 3 different shading
factors. We disposed it on a full 3 inches wafer so as to be able to measure all the cells separately on
the same full wafer, facilitating the handling during J-V measurements. The next section will gives
more details on the process flow and the 2 masks designed for the required lithographic steps.

V.1.3. Photomask set design

The design of the masks requires not only the design of the grid patterns, but also a design of a
full set of masks that could lead from the structure grown (Figure 5.2) to the targeted device. Figure
5.4 shows a cross-section schematic of the required final devices on a wafer, where two neighbor
solar cells are represented. In order to avoid some heavy steps of cleavage and wire bonding of the
40 cells, we decide to maintain all the cells on the same wafer. We thus need to separate them
electrically. To do so, a step of mesa etching will be needed, thus requiring a specific lithographic
mask. This mask consists of squares of the same size than the cell, protecting the whole cell.

Also, an anti-reflective coating (ARC) needs to be
deposited on top of the semi-conductor. However,
we must protect the busbars from this deposition, to
be able to contact the probes for the I-V
measurements. Depositing the ARC at the end of the
process would require a third lithographic step to
protect the busbars. Here we think of another way to
avoid this lithographic step, and use the grid
definition mask for both patterning the metal and
the ARC. To do so, instead of patterning the metal by
lift-off technique, we propose to use ion beam |
etching (IBE) of the metal, and deposit the ARCon |

top of the protecting resist after the metal etching. g
Thus, only two llthographlc masks are designed. Figure 5.5 - Picture of the lithographic mask used
One, that we call “grid”, defines the busbars and {4 gefine the mesa etching pattern

fingers, and one, pictured in Figure 5.5 called

“mesa”, defines the separated cells.

V.1.4. Fabrication

Here we describe the details of the process flow of our AlGaAs solar cell. Note that in the next
section that deals with the processing after bonding (V.2.), this process flow will be simplified in
order to avoid some critical steps. Two main lithographic steps are performed: we used a first mask
to deposit the metal and etch by ICP the III-V between the separated cells. The second one deals
with the definition of the busbars and fingers previously designed. The cross-section representations
of the first 11 steps of the process flow are presented in Figure 5.6. Step (1) is the epitaxial growth of
the AlGaAs solar cell. The detailed structure grown by MOVPE was presented earlier in Figure 5.2.b.
To simplify the schematics, we only represent one block for the solar cell, and one layer
corresponding to the cap layer. During step (2), the front contact metallization: Pt (150 nm) /Au
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(250 nm) is deposited on the whole surface of the wafer by sputtering. A 2 minutes sputtering with
Ar plasma was performed in-situ before the metal deposition to remove the oxide and help adhesion
of the metal on the semi-conductor. Step (3) is the deposition of 700 nm of SiO. on the full wafer.
This SiO. will act as a mask for further ICP etching of the mesa (i.e. about 3 um of AlGaAs and GaAs-
family compounds). Then, this SiO, mask needs to be patterned. To do so, a lithographic step is
needed. Step (4) is the spin-coating of the positive resist, (5) the insolation of the resist through the
mask level “mesa”, and (6) the opening of the resist where it has been insolated. Then, the SiO.
mask is etched by RIE during step (77), using fluorine compounds in the plasma. SiO. is etched
where it is not protected by the resist. In-situ reflectometry is used to monitor the etching of the
SiO; layer. Step (8) consists of removing the metal by Ion Beam Etching (IBE) with Ar plasma. This
technique is not selective, we should thus control the etch rate.

1. Epitaxy 2, Metallisation 3. SiO2 deposition 4. Spin-coating

5. Lithography 6. Development 7. RIE 8.IBE
mm Resist
— — m SiO2
Pt/Au
Cap layer
L 1 ] L ] AlGas cell
9. Resist removal 10. ICP etching 11. SiO2 removal == GaAs wafer

Figure 5.6 - Cross section schematics of the solar cell process flow detailing the 11 first steps required for the mesa
etching
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—

12. Spin coating 13. Lithography 14. Development

m Resist

mm ARC
" i i bt/

Cap layer
AlGaAs cell
B GaAs wafer

15. IBE 16. Cap etching 17. ARC deposition ' AuGe/Ni/Au
| | ]
18. Lift-off 19. Metallization 20. RTA @400 °C

Figure 5.7 - Cross section schematics of the solar cell process flow: grid definition and ARC deposition

A slight under-etch at this stage is not that critical, because the underlying III-V layer is also aimed
to be etched by ICP. During step (9) we remove the resist. The SiO, is now protecting the semi-
conductor from ICP etching in the area that must not be etched. Step (10) is the ICP plasma etching.
The plasma is composed of chlorine compounds and will etch all the III-V materials. In-situ
reflectometry is used again to know when all the layers are etched and stop the plasma when we
reach the substrate.

Now that the cells are electrically separated, we need to define the busbars and fingers into the
metal, etch the cap layer and deposit the an anti-reflective coating. To do so, a new lithographic step
is required (12, 13, 14) in order to protect the metal where the busbars and fingers must remain. To
simplify the schematics, only the two busbars are represented on Figure 5.7. The metal is then
etched by IBE (15). This time, the selectivity is more crucial. The cap layer is only 50 nm thick. We
can etch a few nanometers of the cap layer, but must absolutely not reach the underlying GalnP
layer that is only 10 nm thick.

The next step is the cap layer etching. This ~50 nm thick layer is etched chemically. As the
underlying layer is the 10 nm GalnP oxidation barrier, we use a selective mixture that etches GaAs
and not GalnP. Phosphoride compounds can only be etched by mixtures containing HCI2. Thus, we
used in this case a mixture of H.O/H;PO,/H.O, that attacks the GaAs but does not affect the
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underlying GaInP. The next step (17) is to deposit an anti-reflective coating. We deposit SiO./TiO.
on top of the cell, and on top of the resist. Deeping the whole wafer into acetone enables the lift-off
of the resist together with the ARC on top of the metal grids (18). Finally, the back contact

metallization with AuGe/Ni/Au is performed (19) followed by a 400 °C Rapid Thermal Annealing
for 1 mn.

V.1.5. Solar cell characteristics

Figure 5.9 - a) Picture of the wafer after processing, b) picture of the measurement under AM1.5G spectrum

The Alo.2GaosAs solar cells have been fabricated in clean rooms using the process flow
described in the previous part. The resulting wafer containing the 40 different cells and a few test
diodes is pictured in Figure 5.9.a. Keeping all the cells on the same wafer facilitated the handling
and the measurement of each cell. A picture of the solar cell during the measurement under solar
simulator is shown on Figure 5.9.b. The two front probes are placed on the two opposite busbars of
each cell. The back contact is taken on the back conductive plate, and all the cells can be measured
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Figure 5.8 - a) J-V characteristics of the Al0.22Ga0.78As solar cell, b) detailed characteristics of the same cell as
compared with results from Heckelmann et al. 207
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by just moving the front probes from one cell to another.

The J-V curve under 1 sun illumination of the best AlGaAs solar cell is shown on Figure 5.5.a.
The device exhibits a good V. of 1.24 V, consistent with the bandgap of the solar cell (~1.74eV). We
measured a Js of 17.33 mA/cm? and a fill factor of 81.75%, leading to conversion efficiency under
AMGi1.5 of 17.62 %. Heckelmann et al.2°7 deeply studied the performances of AlGaAs solar cell
grown by MOVPE, and showed the influence of Al content. They reported the best AlGaAs solar cells
in literature (see Table 5.1). Their structure consists of a 2.5 pm p-type base in AlyGa;.xAs with x
ranging from o to 37 %. They used an AlInP window layer. Even if our structures differ in their
polarity, it is relevant to compare our results with theirs. Figure 5.5.b. summarizes the performances
of their solar cells as a function of the Al content, as compared to the AlGaAs cell of this work with
22% of Al. Our solar cell exhibits a better overall efficiency according to the amount of Al that we
have. This is mainly explained by a much better Js than them: we find a Js of 17.33 A/cm? instead of
15.8 A/cm? for their Aly..0GaosAs solar cell. This is explained by the fact that their solar cells do not
comprise an anti-reflective coating, whereas we added a SiO./TiO. ARC to enhance the current.
However our solar cells have a fill factor of 81.75 % whereas theirs are above 85 %. Also, our Voc is
slightly lower for the considering bandgap. It can be attributed to the non-optimized window,
especially to the GalnP layer that could induce more recombination in this layer.
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Figure 5.10 - Solar cell parameters as a function of the finger spacing. Black squares correspond to the large cells
(1x1 cm?) and red triangles to the small ones (0.5x0.5 cm?)
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We can nevertheless conclude that the AlGaAs solar cell grown by MOVPE and processed in our
clean rooms exhibits very good performances. We reached a conversion efficiency of 17.62 % for the
best solar cell, corresponding to a 1x1 cm2 cell with a shading factor of 3.3 %. Now, if we consider all
the different cells measured on the same wafer, the efficiencies range from 15 % to 17.6 %. The
overall parameters of the cells are summarized in Figure 5.10. We plot the efficiency, Js, Voc and FF
as a function of the finger spacing. Black squares correspond to the big cells (1x1 cm2) and red
triangles to the small ones (0.5x0.5 cm?2). We notice that the Js is strongly impacted by the
distribution of fingers. The smaller the shading factor (i.e. the more spaced are the fingers), the
higher Js.. This is obviously explained by the fact that more photons reach the semi-conductor and
can consequently be absorbed. We notice that the FF is slightly impacted. It decreases while
increasing the finger spacing. This is attributed to the increasing series resistances. The V,. remains
not impacted by the variation of the shading factor. The overall performances show that the best
efficiencies are achieved for finger spacing of 300 um, corresponding to a shading factor of 3.3 %.

To conclude this part, the mask designed especially for solar cell application has been used to
perform the process flow on the Aly..Gaos8As structure that we grew by MOVPE. The solar cells
exhibited excellent performances with record efficiency of 17.6 %. This result validates not only the
good quality of the material grown, but also the numerous steps of the process flow that have been
realized. Further optimization of the grid pattern and of the window layer could be done in order to
enhance the efficiency. We could also further reduce the shading factor by increasing the finger
spacing. However, we can settle for this result that already meets the requirements to have a
working Si(Ge)/AlGaAs tandem solar cell. We thus acquired the basic expertise to process good III-
V solar cells, and can now confidently move on to the last technological challenge: the bonding of
the tandem solar cell.

V.2. Bonding of a III-V solar cell

V.2.1. Bonding requirements

There are numerous bonding techniques that are used in order to bond two materials2''. In
this part, we do not pretend to find the best bonding technique for the processing of our tandem
solar cell, but we need to find a technique that could be available in our clean rooms, without a full
development of a new field, in order to do a proof of concept of the tandem device. The bonding that
is required is only a mechanical bonding in order to handle physically the tandem cell after GaAs
substrate removal. As our active layer thickness will not exceed 15 um, it requires a host carrier to
handle the wafer during the further processing of the solar cells. However, it must meet some
expectations specific to our tandem device, and be compatible with all the following technological
steps required to complete the tandem solar cell (metallization, mesa definition etc...).

As it was introduced in Chapter I.4.2. (p 17) the addition of a light-trapping scheme on the bottom Si
cell would highly enhance the absorption for a fixed Si thicknesss2. The feasibility of such light-
trapping has already been studied on the PECVD epitaxial Si2'2213, and must be considered for
further improvement of the tandem solar cell. Thus, the bonding technique should not require a flat
surface with crucial surface preparation (it is the case for surface-activated direct wafer bonding48),
so as to be compatible with the possibility of texturing the epitaxial silicon surface. Also, the
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previous chapters helped us to anticipate a few technological
issues: first, the tandem solar cell should not be heated at
temperatures higher than 300 °C, to avoid the blistering of the Si
that has been observed in Chapter II.2.2 (p. 37). It was also
important that the bonding could be compatible with the process
flow. Indeed, it should be resistant to the numerous process steps
including the chemical etching, the aceton lift-off, and possibly
the PECVD SiO. deposition at 250 °C, and the dry etch steps. Also,
(and most importantly), it should not add any contamination to
the process tools of the clean rooms, that are also used for
production matters. Any unknown contamination could be very
critical for the good functioning of the process clean rooms for
other applications.

To account for these requirements, we chose a silicon
substrate as a host. Using a glass or cheap flexible substrate could
be feasible; however, for our proof-of-concept it was easier to
settle and to test in our process reactors with a Si substrate. After
several discussions with the process experts from III-V Lab, and
bonding experts from partner laboratories Thales Research &
Technology, CNRS-C.N and CEA-Leti, we could gather several
considered bonding techniques that are shown in Table 5.2 with
their advantages and drawbacks.

Actually, most of the possible bonding techniques were not
available, nor easy to settle in the clean rooms. Some techniques
could have been outsourced by suppliers, however many questions

Back contact (ITO+Al
n a-Si:H
a-Si:H

epi-Si

T) p++ GaAs
TJ n++ GaAs
n BSF

Emitter
p Al,Ga, ,As
p window layer
p++ cap layer

GaAs buffer layer
GaAs substrate

Figure 5.11 - Structure of the
tandem device before bonding

were remaining, such as the possible diffusion of the metal used. The structure of the tandem device
that we want to bond is presented in Figure 5.11. Literature report a technique to reuse GaAs
substrate by epitaxial lift-off214-216, It uses a sacrificial layer in AlAs, which is selectively etched by
HF. The development of such substrate reuse was not the purpose of this work. Thus, for a proof of
concept, we chose to simplify the process, and to etch totally the GaAs substrate. Consequently, we

inserted a etch-stop in GaInP in the structure, so as to enable a
GaAs substrate.

selective chemical etching of the

Table 5.2 - Review of a few possible bonding techniques with its advantages and drawbacks

Surface activated bonding - Low temperature process

Eutectic bonding - Provides conductive interface with host substrate

Ultraviolet adhesive - Low temperature process

Electroplating - No bonding (thick metal deposition)
- Conductive contact

BCB - Low temperature process
- Compatible with further process steps
- Available

- Flat surface required
- No equipment available

- Temperatures > 300 °C
- Risks of metal diffusion in Si
- To be outsourced

- Only on glass host substrate

- Not available

- To be mastered on full 2 inch” wafers
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V.2.2. Bonding with BCB

The bonding technique that has been chosen satisfies the temperature requirements of our device,
and is also compatible with the use of all the clean room process tools needed for the following
process flow. We used a bonding with a polymer: the cycloten 3022-46 (commercialized by DOW
Chemicals), which is a part of the polymer family called BCB (Benzocyclobutene). The process had
been developed internally in Thales teams, and the details can be found in the following theses=217218.
I therefore would like to thank Gaélle Lehoucq and Raphaél Aubry for giving me the opportunity to
access to their know-how and equipment in this field. The process steps of the bonding are shown in
Figure 5.12. (a) After cleaning the substrate surface with aceton and rinsing it with propanol to
remove any possible remaining dust, the BCB is spin-coated on both GaAs and Si substrates after
the use of an adhesion promoter. Then, the two substrates are placed in a vacuum chamber during 5
minutes in order to eliminate the bubbles that could have been created in the BCB during the spin-
coating step. Afterwards (b), the two substrates are contacted together. This step is performed
manually, thus needs a particular attention to align the two substrates. Finally, the two wafers are
bonded under a mechanical press and placed on a heating plate in order to anneal the BCB so as to
crystallize it. This is achieved in two stages: a first stage at 180°C during 5 hours, and a second one
around 275 °C during 45 minutes, used to crystallize BCB. After this step, the remaining BCB must
be removed by RIE (c¢). Indeed, it may have flown around and above the wafers due to the press.

l l l BCB
SY e IS 9

GaAs Substrate

7

BCB

- Wafers cleaning - Manual bonding - BCB removal (RIE)
- BCB spin coating - Heating under a press
- 5 mn vacuum chamber

Figure 5.12- Schematics of the main technological steps of bonding with BCB

Then, the GaAs substrate is removed, in order to reveal the III-V sub-cell. To do so, we used
chemical etching. A selective mixture over GalnP is used: H.0/H,0./H,SO,. The etch rate is about 5
um/mn, and the substrate can be removed in about 1 hour of etching. One of the main issues of this
step is to achieve an homogeneous etching on the whole wafer. Indeed, the selectivity with GaInP is
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high29 (about 150:1), but the etch-stop layer is found to be affected by the chemicals when exposed
too long, as it will be shown in the next experimental part. The end of the substrate etching is
determined visually. Indeed, the back surface of the wafer in non-polished. As soon at the etch-stop
layer is reached, the surface become mirror-like. This will be illustrated later in Figure 5.15.a: at the
center of the sample, the etch stop is reached (thus the substrate removed), and at the surrounding,
it is still rough, which means that the substrate is not totally removed. Afterward, the GaInP etch-
stop is etched with a good selectivity on GaAs22° using HCI:H;PO,.

As the bonding press was only designed for 2 inch” wafers, we redesigned a lithographic mask
adapted for 2 inches, using the same patterns as presented in part V.1.3. (p. 126), but we only kept
the smaller cells (0.5x0.5 cm?). Also, the very first bonding tries made us realize that the process
flow should be simplified. Indeed, as it will be detailed, we faced issues at each plasma process, each
lithographic step, and resist lift-off. Thus, we decided to use a less optimized process flow, which
would induce less critical material issues. In particular, we did not deposit the anti-reflective
coating, and performed a wet mesa etching instead of ICP.

V.2.2. Bonding of an inverted GaAs solar cell

This part presents several experimental steps performed to prove the feasibility of bonding full 2
inches wafer. Many issues have been faced, and by several iterations we found ways of avoiding
them. Before bonding a tandem solar cell with both Si and AlGaAs cells, we decided to test the
bonding process with a single GaAs solar cell, inversely grown. The structure is presented in Figure
5.13.a. It is actually the same as in Figure 5.2.b, but grown invertly with an additional GaInP etch-
stop. Because of some unexpected issues due to an empty TMAI bubbler, the base and emitter of
these cells are made of GaAs instead of AlGaAs (the BSF and window layers remain in AlGaAs). The
structure after processing is presented in Figure 5.13.b. We decided not to add any anti-reflective
layer in order to simplify the process. Instead of defining the grid metal by ion beam etching, we
defined it by using a lift-off process, and performed a chemical mesa etching instead of a dry one,
which suppresses the steps that were dedicated to the deposition of the SiO. hard mask. Thus, the
simplified solar cell process including the bonding is presented inFigure 5.13.c. and is designed for
single but also tandem solar cells. After the epitaxy of the inverted solar cell(s) (1), we deposited the
metal (2) (here, Ti/Pt/Au on top of the n-doped GaAs, and ITO+Al in case of the tandem cell). Note
that no annealing has been performed. Then, the cell was bonded to a Si substrate using BCB, and
the BCB that had overflowed on the wafers was removed by RIE (step 3, that was detailed in Figure
5.12). After, the GaAs substrate and the etch-stop are removed (4-5). At this stage, the solar cell is
like a standard upright solar cell. A first lithography step is performed to open the grid design (6)
followed by the front contact metallization of Pt/Au on p-GaAs cap layer (7) and the metal lift-off
(8). Then, a second lithographic step defines the mesa (9) that is etched chemically (10). The
remaining resist is then removed in acetone (11), and finally the cap layer is chemically etched.
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Figure 5.13 - Structure of a single GaAs (a) before and (b) after bonding an processing. c) Cross-section schematics
of the process flow of inverted single or tandem solar cells
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V.2.2.1. Process flow: issues and suggested improvements

Several inverted 2 inch wafers have been bonded, and we could finish the process until obtaining
functioning solar cels. In this part we will present separately some of the crucial steps, explaining
the issues that have been faced during the several bonding attempts, and the pathways to avoid it.

Steps 3 and 4: BCB removal and substrate removal

During the first attempts of bonding GaAs on a Si wafer, we pointed out the importance of
performing properly the removal of the BCB that have overflowed on the wafer during the bonding
and annealing process. Figure 5.14.a. a ¥4 GaAs wafer bonded on top of a %4 3 inch. Si wafer, right
after the step of GaAs substrate removal. The material we can observe on the borders (on top and on
the right) is BCB that is present in the wafer side walls. The surrounded part corresponds to
somewhere where the BCB was remaining on top of the GaAs wafer. We see that it actually has acted
as a hard mask for the substrate removal. This must be totally avoided because, not only we lose
some part of the semiconductor, but also it could prevent us from performing the following process
steps. Indeed, with this zone that contains a material that is more than 250 um high than the rest of
the sample, it is not possible anymore to perform a lithographic step, that needs to contact the wafer
surface with the lithographic mask and create a vacuum. This would prevent the vacuum from being
made, and will probably scratch our mask or break the wafer. Another unwanted feature that can be
observed is the formation of long cracks on the GaAs stack.

2 inch. GaAs on 2 inch. Si

RIE
I Remaining BCB plasma

250 pm
~3um m —_— m

Figure 5.14 - a) Picture a wafer #1 after substrate removal with some remaining BCB, b) picture of wafer #2 after
substrate removal followed by a RIE

Those are due to the presence of bubbles that have initiated strain in the layers. This strain has been
relaxed during the thick GaAs substrate removal. As an indication, on the bottom left side of the
images, we gave a number to the wafer that is processed and discussed. Thus, for the next attempt
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(wafer #2), we performed the RIE cleaning step, but prior to it, we made an aceton cleaning that
helped removing the bigger parts of BCB on top of the GaAs wafer. After this step, the substrate
removal happened without cracks nor BCB masking. However, we did not remove the BCB on the Si
part, and it revealed to be an issue in the next step: this back relief prevented to make the vacuum in
the lithographic tool. Thus, we performed afterwards the RIE plasma with the Si substrate on top.
After this step, the III-V film was found as seen in the picture on Figure 5.14.b, where one can see a
detachment of the film in some part of the substrate. Thus, the step of BCB removal after the
bonding is primordial, and is required on both GaAs and Si sides.

Substrate removal + etch-stop removal

During the substrate removal, the wafer was placed vertically into a beaker, under magnetic stirring,
aiming at having homogeneous etching of the substrate. Figure 5.15.a and b show pictures of the
wafers (2 inches bonded on 2 inches) after 40 and 50 minutes in the chemical solution. After 40
minutes, there is a mirror like area that is appearing in the center of the 2 inch. wafer. It
corresponds to the area where the wafer has been fully etched, and the etching has stopped at the
surface of the GaInP layer. After 10 more minutes, the mirror-like area has extended. However,
there are still some areas at the surrounding where the substrate is not fully etched. For this sample
(wafer #3), we waited until thiomn of etching to be sure that the whole substrate is etched.
However, we could observe that for such long etching time, the GaInP layer had started to react.
Some pink and green fringes appeared (hard to distinguish on Figure 5.15, inside the circle). After
the etching of GaInP layer with HCI/H,SO, chemical mixture the surface had become rough,
especially in the area that was the first fully etched. Microscope images of two areas are presented in
Figure 5.15.c and d, which correspond to the two yellow crosses in b. Those characterizations have
been done further in the process (after metallization and mesa etching). It revealed that the surface
contains big defects. The density and size of these defects (larger than 20 ym) are more important in
the center (area c) than at the edge of the wafer (area d). Because these defects are bigger than the
size of the metallic fingers, we expect to have strong series resistance on the resulting solar cells.
Moreover, as these defects appear where the wafer has been over-etched, we would expect to have a
hollow. However, profilometer analyses showed it was hills. To have a better insight on the origin of
these defects, SEM analyses are presented in Figure 5.15.e. On the left, the mesa has been etched
and we reached the back metallization. On the right, we see the III-V layers and the front metal. The
defects appear to be hills. We also see that it has acted as a mask for mesa etching in the left part.

Thus, we suppose that, during the substrate etching, some material present in the chemical
mixture (probably GaAs substrate flakes), have been redeposited on top of the GaInP. To minimize
these effects, it was proposed to change the chemical solution as soon as the etching reaches the
GalnP layer. We tested it on wafer #4, and dipped the wafer into a new and clean etching solution
with a slightly lower etch rate. It revealed a clean surface without any defects after etch-stop
removal. However, for other issues, this inverted solar cell could not be fully processed until a
measurable device.
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Figure 5.15 - a) Picture of wafer #3 after 40 mn of wafer etching, b) after 51 mn. c) and d) microscope images of the
surface in area c and d, e) SEM image in area c.

Lithography

After lithographic steps, we observed the apparition of cracks on the layer (see Figure 5.16.a), in the
middle of the wafer. We found out that the chuck used during spincoating was applying a too high
vacuum, only in the middle of the wafer, which induced an excessive local strain. It was visible to the
eye that the substrate was curved by the local vacuum. Thus, it is not surprising that this strong
mechanical strain on the wafer had induced cracks in the thin III-V layer. Other chucks for 2 inches
wafers were available, applying less strain, and not curving the wafer. This chuck will be preferred
for the future processes, so as to reduce de risks of cracks at this stage. Also, during the sputtering
metallization process, we noticed that the previous crack has extended, and a perpendicular crack
appeared, as shown in Figure 5.16.b.
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Figure 5.16 - Wafer #3 a) after resist deposition, b) after front metal deposition

Lift-off

The lift-off of a metal is a step during which we dip the wafer into acetone for a long time - at least
30 mn. During this step, we realized that the cracks already present in the previous steps were
actually enlarging. The effect on the layer that had been partially detached (#2, in Figure 5.17.a.)
revealed that the BCB actually reacts with the acetone. During the long dipping of the wafer into
acetone, there is also a “lift-off” of the III-V layer. This emphasizes the fact that it is important to
avoid those cracks in the last steps (spin-coating). Also, another suggestion would be to deposit the
metal by using evaporation instead of sputtering. Indeed, the deposition being less conformal, we
can expect the resist to be easily been lifted.

Figure 5.17 - a) Wafer #2 after metal lift-off: the active layer has been removed where the previous bubles were
present. b) Wafer #3 after metal lift-off: the previous cracks have been enlarged.

139



Chapter 5

V.2.2.2. Electrical characteristics

We present here the electrical characteristics of the solar cells obtained on the full 2 inch. wafer #3,
that has been processed according to the process flow presented in Figure 5.13.c. Due to the cracks
issues, only a few of the 0.5x0.5 cm2 solar cell over the full wafer were working. Figure 5.18.a. shows
the spatial repartition of the solar cells of wafer #3. On the few solar cells that were not shunted are
reported the corresponding conversion efficiencies. The J-V curves of some of them are represented
on Figure 5.18.b. Several observations can be made. First, the measured Voc (below 0.8 V) is lower
than expected. Indeed, for a GaAs solar cell, we expected to reach around 1.0 V (see Table 5.1).
Series resistances are really high, as we could have expected from the previous observations of
defects on the metallic fingers. The black curve shows a partly shunted solar cell. Interestingly, we
do not see any effect of Rsn: 0n the other cells, meaning that they are not shunted at all and do not
present any pinholes. Figure 5.18.c and d gather the solar cells parameters of all the functioning
cells. We plot all these characteristics as a function of the finger spacing of the designed cell. Once
again, Jsc increases (from 16.5 to 18.5 A/cm?) when the finger spacing is wider, which is consistent
with the fact that there is less shadowing, enabling more photons to reach the solar cell. The other
parameters have a dispersion that is too high to conclude on any trend.
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Figure 5.18 - a) Spatial repartition of the different cells that are not shunted with their efficiency. b) J-V curve of 4 of
these functioning cells c) Vo, Jsc, FF and efficiency as a function of the finger spacing, d) Results on each functioning
cell
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The overall shape of the J-V curves remind us of what has already been observed in our epi-Si
heterojunction solar cells in Chapter 2 (Figure 2.23): it exhibits a S-shape. In that previous part, we
found that this was due to a poor ohmic contact, due to an insufficient doping of the contacting cap
layer. Here, we have a cap layer that is doped enough on the front side, and we also carefully added a
back cap layer. Thus, the problem should not come from insufficient doping of the cap layer.

To have a better insight on the origin of this problem, we grew an identical GaAs solar cell right side
up, and performed the exact same process flow (i.e. steps 6 to 12 from Figure 5.13). After step 12, the
back contact was performed in Ti/Pt/Au at the back of the GaAs substrate. The resulting J-V curve is
displayed in Figure 5.19 (purple circles), as compared with the reported cell #3. The Jsc, as well as
the Voc are higher than that of the bonded one. We also deduce from the slope below Voc that the
series resistances are lowered. This is certainly due to the fact that this new upright cell does not
have the defects induced by the substrate etching presented in Figure 5.15. However, the FF remains
rather low (below 70 %), while GaAs solar cells usually exhibit FF between 80 and 85 %. More
importantly, we notice that the “S-shape” is still visible. Thus, it confirms there is a contact issue
coming from our process. Pt/Au, deposited on p-GaAs, should form a ohmic contact without
performing annealing (~ 2x105 Q.cm2). However, the Ti/Pt/Au contact on n-doped GaAs is more
difficult to achieve, and results in a shottky contact when not annealed 22!. We already faced the
same contact issue in Chapter IV.5.2. (p.113), and showed that performing a rapid thermal annealing
helps getting the expected low resistivity. Thus, a RTA at 400 °C for 1 minute has been performed on
the upright solar cell. The resulting J-V curve (red squares) shows that the issue was indeed resolved
by performing an annealing on the device. Note that the purple and red curves correspond to the
exact same cell before and after annealing, whose parameters are gathered in Figure 5.19.c. We see
that the annealing only affected the FF. The Voc is not changed, and the Jsc is slightly lowered. We
also reported the mean Voc Jsc and FF values of all cells after annealing.
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Figure 5.19 - a) JV curves of a bonded inverted solar cell (blue), and an uprigth solar cell before (purple) and after
annealing (red) b) characteristics of the uptight solar cells after annealing as a function of the finger spacing, c)

Details of the solar cell characteristics
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This behavior is the same on all the 40 different cells of the wafer: the Jsc slightly reduces after
annealing, the Voc stays rather the same, and the big improvement lies in the FF. More than +10%
absolute fill factor increase is obtained, and the resulting FF is close to 80 %. This fill factor could be
further enhanced by using a better ohmic contact such as AuGe/Ni/Au alloy.

The characteristics of the 40 different cells over the wafer are gathered in Figure 5.19.b, sorted by
finger spacing. There is a large dispersion in the results. The final conversion efficiencies range from
12 % to 18.7 %. Jsc increases with the finger spacing while there is no noticeable trend upon the
other parameters. Jsc remains below the values from literature (record Jsc values are above 27
mA/cmz?). Note that this could be enhanced by optimizing the grid design (a higher finger spacing
may further increase the Jsc). Also, we did not add any anti-reflective coating, thus the Jsc is reduced
due to reflection losses. The Voc obtained is consistent with the bandgap of GaAs, and really close to
state-of-the art presented in Table 5.1.

Thus, studying the upright solar cell helped us to find the origin of the S-shape, and the low FF, and
gave us insight on how to improve the performance of the bonded solar cell. The main and easy
improvement can be done by performing an annealing of the n-type contact. However, this
annealing must be performed before the bonding (right after step 2 from Figure 5.13.c). Indeed, we
tried to anneal at 400 °C the bonded cell #3, but we observed a detachment of the layer, and every
cell was then shunted. To improve the n-side contact, we could also use another cap layer. Up to
now, the cap layer was made with Si-doped GaAs. Now that we master heavier doping level with Te
thanks to the studies presented in Chapter 4, we can use such layer as the contact layer. With a
better ohmic contact, we expect a fill factor approaching 80 % instead of 52 %, to reach a 11%
efficiency inverted solar cell. Also, the Voc and Jsc are both lower than that of the upright cell,
probably due to more recombination especially at the surface that is very defective due to the issues
during substrate and etch-stop layer removal. This issue can also be solved, by changing the
chemical bath when reaching the etch-stop.

V.3. Bonding of Si/GaAs stacks

V3.1. Observations

This part deals with the bonding of full tandem solar cells. We faced again new technological
challenge. We consider the 5 first steps of the process flow presented in Figure 5.13.c. The structure
that we bond is the one presented in Figure 5.11: an AlGaAs solar cell grown by MOVPE on a GaAs
wafer with a GalnP etch-stop, followed by a III-V tunnel junction. On top of it is grown the epitaxial
Si layer, followed by the amorphous stack to ensure passivation and contact, as presented in Chapter
I1.3.1. (p. 54). On top of the c-Si/a-Si:H stack is deposited ITO, followed by Ag or Al. In these
experiments, the thickness of the Si epitaxial layer is maintained in the range of 1 um.

During the first trial, after substrate removal, the metal was Ag, and it was deposited by evaporation.
After substrate removal, we observed a detachment of the film at the interface between ITO and Ag
that was deposited by evaporation, as seen in Figure 5.20.a. Evaporation does not provide good
enough adhesion. Also, Ag is usually less adhesive with ITO than Al. Thus, we decided to deposit Al
by sputtering instead of Ag by evaporation.
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After a few other trials, we were facing the same issue: as soon as the etch-stop is reached, some
cracks appear at the surface. They keep on propagating on the wafer after several hours. Also, our
first trials were performed on samples grown on 750 um thick GaAs substrates (#1 and #2 in Figure
5.20.aandb.)

Interestingly, same bonding using a tandem solar cell grown on a 350 um thick substrate led to
fewer cracks, as seen in Figure 5.20.c. (the half wafer on the right it completely free of cracks). On
the left part, the cracks seem to be initiated from the cleavage edge, where the wafer has been
weaken (this wafer had unfortunately been broken in two pieces before the bonding). This result was
really encouraging, and we could thus pursue the process to the next step: the GaInP etch-stop

a) N 7 b) S Rem

hed- substrat

Figure 5.20 - a) Picture of layer detachment between Ag and ITO, b) picture of a tandem solar cell (#2) after 750
um-thick GaAs substrate removal, c) picture of a tandem solar cell (#3) after 350 um - thick substrate removal d)
#3 after GalnP etch-stop etching

etching. Regrettably, we did not anticipate by changing the metal from Ag to Al, the reaction of Al
with the chemicals involved in the process flow. Indeed, GaInP can be etched selectively only with
chemicals containing HCIl, which also strongly reacts with Al. By dipping the wafer into HCI, the
semiconducting layer was removed, and at some point even lifted-off. Even if the Al is buried under
the semiconductor layers, the HCI could have access to Al via the trenches due to the cracks, but also

143



Chapter 5

from the borders of the wafer (see Figure 5.20.d, right part). As a pathway to overcome this issue, we
could change the metal and try to use Ag instead of Al, but deposited by sputtering this time, and not
by evaporation so as to ensure a better adhesion. However, we must consider a feature in this
tandem solar cell, which is that the Si epitaxial layer is strained. In the next part, we try to
understand the origin of the cracks observed during substrate removal, which seems to be a
recurrent issue during the bonding of the tandem solar cells.

V.3.2. Strain induced by Si

V.3.2.1. Reciprocal Space Mapping

Let us take a closer look at the cracks induced during GaAs substrate removal. Those cracks are
certainly due to the release of mechanical stress induced in the layer. To have a better insight on this
stress, we compared the {224} reciprocal space mapping (RSM) of one sample right after Si
deposition, and after bonding and GaAs substrate etching (the X-ray beam was placed on an area of
about smm*5mm that did not contain any crack). Before bonding, we could see a well-defined peak
for the GaAs substrate and the lattice-matched AlGaAs solar cell, and a wide peak corresponding to
the relaxed crystalline silicon. After substrate etching, only the Si layer and the AlGaAs stack
remains. We notice that the peaks of the AlGaAs and epi-Si layers remain at the same coordinates in
the reciprocal space. However, we see a large widening of the peak corresponding to the AlGaAs
stack, revealing a huge mosaicity in the layer (Figure 2.7). While the GaAs substrate was in contact
with the AlGaAs stack, the stress induced by the Si was supported by the thick GaAs substrate.
However, when the substrate is removed, the AlGaAs film needed to relieve the strain. The AlGaAs
stack probably reached its elastic-plastic transition, leading to the numerous cracks observed
experimentally. It is worth noticing that the width of the epi-Si signature has not changed, thus the
mosaicity concerns only the III-V layer. In other words, Si structure has not changed, only the
AlGaAs stack is affected.
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Figure 5.21 - {224} reciprocal space mapping of a tandem stack before and after bonding and substrate removal.

V.3.22. Curvature measurements:

To have an insight on the strain in the wafer, we did some curvature measurements with a
mechanical profilometer. Indeed, curvature measurement are often used to assess the strain in
heteroepitaxial layers 222. We thus measured the bowing of the substrate before and after epitaxy of
Si on GaAs. From the bowing, we can deduce the radius of curvature of the substrate with Eq. 5.1. An
illustration of this equation is shown in Figure 5.22.a.

_a’+b? Eq 5.1
2D

With a 800 nm thick epi-Si, the radius of curvature was found to be ~4.5 m, while before it was in
the range of 20m. Thus, the Si induced a bending of the substrate, as illustrated in Figure 5.22.b.

Then, from this value, it is possible to deduce the stress in the epitaxial layer by using Stoney
equation223;
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1 1 Eq 5.2
hsub,GaAsz * Lsyub,Gads * (ﬁ - m) q

6 * hepi—Si * (1 - Vsub,GaAs)

Oepi-Si —

hsub,caas and hepi-si are the respective thicknesses of the GaAs substrate and the epitaxial Si layer.
Esub,aas is the Young modulus of GaAs substrate and vsub,caas its Poisson coefficient.

All the theoretical values224 for GaAs and bulk Si are reported in Table 5.3. We also reported the
measured radius of curvatures and the thicknesses of the wafer and the epitaxial layer.

Table 5.3: Theoretical Young moduli and Poisson coefficients of GaAs and Si, and experimental values of R, R and h

Young Modulus E Poisson R R with epi-Si h
(GPa) coefficient v (m) (m) (um)
GaAs 85.5 0.31 20 £3 350
Si 179 0.22 4.5 +1 0.8

The calculation using Eq 5.2 and the values in Table 1 lead to a stress in Si layer of
aepi,.S‘i = —0.57 GPa

The stress is negative, thus the strain is compressive. The relation between the stress and the strain
in a linear regime is given by the following equation:

__ Oepi-si * (1 - Vepi—Si) Eq 3.3
‘9epi—.5‘i -

Eepi—.S‘i

By approximating the values of Eepisi and vepisi with the values found in literature for bulk Si
reported in table 1 we calculate a strain in the epitaxial Si of :

Eepi-si= - 0.30% +0.04

If we now look back in Chapter III, figure 3.5.b, at the values of the in-plain strain in the
epitaxial layer, we are glad to see that these results are consistent with the values obtained by the
GIXRD measurements, confirming once again that the epitaxial layer is compressively strained in
the plane.
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Figure 5.22 - a) schematics of the radius of curvature as a function of the bowing, b) schematics of the tandem
solar cell before bonding, c) schematics of the tandem solar cell after bonding during substrate removal
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Now, let us try to estimate what happens when we bond this strained system and remove the
substrate, in order to understand the cracks observed experimentally. After the bonding, the system
consists of a thick “substrate” which consists of the epi-Si bonded to the BCB and the host substrate,
the “AlGaAs stack” which corresponds to the stack of the III-V subcell and the GaInP etch-stop layer
as it was presented in Figure 5.2.

While accurate calculations have to be performed, we will try here to explain roughly the tendencies
by doing some assumptions. We suppose that the new system is as presented in Figure 5.22.c.
The following assumptions were made:
1) We suppose that the radius of curvature after bonding is the opposite of that of before
bonding
2) We took the same value of R, than for the GaAs substrate
3) We used the mechanical constants of bulk Si from literature
4) We considered only one “GaAs” material, not a stack of 350 um GaAs substrate+ ~3 um of
III-V stack.
5) We also considered that the system of host Si+BCB+epi-Si was equivalent one thick 350 um
Si substrate with Si mechanical properties

In this new configuration, we consider the stress in the GaAs layer during the thinning of the
substrate. The stoney equation in this new configuration becomes:

1 1 Eq 5.4
2 — — —
Rhost si,” * Enost si * (RO R)

OGaAs =
6 * hGaAs * (1 - Vhost,Si)

Intuitively, we deduce that the thinner will become the III-V layer (low hgaas), the higher will be the
strain. We plot in Figure 5.23the stress as a function of the GaAs thickness. The right axis
corresponds to the strain calculated by adapting Eq 5.3 to GaAs.
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Figure 5.23 : Stress and strain in the llI-V stack during GaAs substrate removal

More literature research remains to be done in order to know the critical stress in GaAs that leads to
a plastic relaxation. We found that this value depends, not only on the temperature2?5, as well as
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other parameters, such as the doping level in the layer22¢. For a rought estimation, we found in this
paper22s that the critical stress is in the order of magnitude of 120 MPa for an elastic plastic
transition in undoped GaAs (at 280 °C, which is their lowest temperature reported). In our black
curve, 120 MPa corresponda in our curve to a GaAs thickness around 8 pum.

Thus, these estimations show that, considering the strain in the epitaxial silicon layer, it was
predictible, that the reduction of the GaAs thickness would lead to the plastic relaxation of the II1I-V
subcell with thicknesses lower than 8 um, and thus to the cracks in the semi-conductor.

However, there are some routes to limit those issues. Indeed, it is possible to do some strain
compensation by adding on top of the Si a material which is tensile strained. For example, SiN is
often used for such strain compensations2?”. In this way, the radius of curvature can be
compensated, and the GaAs substrate removal would not induce too high stress in the III-V subcell.

Thicker epi-Si layers

To have an efficient tandem solar cell, thick epitaxial Si layers are required in order to ensure
enough light absorption. We propose now to calculate the stress that would be induced on the II1I-V
subcell during GaAs substrate removal.

Let us suppose that we grow thicker Si layers (5 um and 10 um). The radius of curvature obtained by
using Eq 5.3, with 6 Si = 0.57 GPa are: R(5 um) = 1.6 m and R(1opm)= 0.87 m. By plotting Eq 5.4 as
a function of the GaAs stack thickness, the red and blue curves are obtained for 5 pm and 10 um of Si
respectively.

Following the same reasonning as earlier, we calculated the stress induced in the GaAs stack during
substrate removal and reported it in Figure 5.24.We see that for thicker layers, the stress induced is
even higher in the GaAs stack.

10 :f

% 110

3_—‘\10|.LmSi 19
c Ty 18 =
Q 61 17 7%
° 5L N {6 8
S 4r \ 1% £
7} \ ©
E 3L N \ —_4 el
2 2 o \\5}.LmSi 13 g

- \.\\\ 42

1+ T~ 11

0 . —_— e 40

1 10 100

GaAs thickness (um)

Figure 5.24 - Stress and strain in the 1lI-V stack during GaAs substrate removal for
various epi-Si thicknesses



V. III-V Cells processing and bonding: towards inverted metamorphic tandem solar cells

Qualitatively, for a 10 um-thick strained epitaxial Si layer, if we consider that the critical stress is of
120 MPa, the substrate would crack for a thickness around 50 um.

If we try to grow even thicker Si layers, we can even expect to see the cracking of the substrate
during the epitaxial step. The crack of a substrate during heteroepitaxy has already been observed in
case of compressive strained GaN heteroepitaxy on sapphire228,

Thus, this part tried to assess qualitatively the effect of the strain in the epitaxial Si layer on the III-V
layer during substrate removal after bonding. We could link the stress measured by curvature
analysis with the strain measured in Chapter III by GIXRD analysis. Even though these calculations
include some assumptions that need more accurate determinations, we can anyway conclude that
the crack in the III-V layer is somehow unavoidable, especially if we grow thick Si layers (above 10
um). To prevent this effect, we can consider the addition of a strain compensation layer on top of Si.
However, the most promising solution to avoid such a stress in the group IV layer would be to use
SiGe on GaAs instead of Si. With a lattice parameter closer to that of the GaAs, SiGe is expected to
have a lower in-plane strain. This assumption needs of course to be verified, given the fact that our
PECVD grown epitaxial materials do not seem to behave as expected in terms of strain.

V.4. Conclusion & perspectives

In this chapter, we successfully grew and fully processed state-of-the-art AlGaAs solar cells adapted
for integration in a tandem solar cell. With our design, we achieved conversion efficiencies up to 17.6
%, with fill factors between 80 and 85 %. If further improvements of the design can be considered,
such as the reduction in the shading due to the metal fingers, this result meets the requirements for
integration in a tandem solar cell. Then, we simplified the process in order to bond some inverted
GaAs solar cells. To do so, we used BCB, and faced several technological issues that have mostly
been solved, but the fill factor was rather poor (FF~50 %). For the next trials, we expect a significant
enhancement of the FF with a better ohmic contact. Finally, we bonded an inverted tandem solar
cell on a host substrate and removed the substrate. We observed the apparition of cracks during the
GaAs substrate removal, which are most certainly due to the strain in the epitaxial silicon layer. We
will anyway try to process tandem solar cells with thin epi-Si layers (below 800 nm) in order to be
able to measure electrically the device and have an insight on the quality of the interface between Si
and GaAs, but the future perspectives for this work are to grow SiGe on GaAs and assess the strain
in the SiGe layer. This way, SiGe will not only help to solve the strain issues emphasized in this
chapter, but also enhance the absorption in the bottom cell, thus requiring a much thinner SiGe
layer for similar tandem solar cell efficiency.
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General conclusions and perspectives

Combining III-V and silicon represents a promising pathway to fabricate tandem solar cells that
would overcome the ~29% efficiency limit of a single c-Si solar cell. In this manuscript, we presented
an innovative approach to grow such tandem solar cell: by performing an inverted metamorphic
growth of crystalline silicon and SiGe on GaAs thanks to a low temperature (below 200 °C) PECVD
process.

Conclusions

We first studied the epitaxy of Si and SiGe compounds on Si substrates, and fabricated
heterojunction solar cells. We reached a conversion efficiency of 6.7 % for a 1.5 pm c-Si absorber
with a Voc of 0.57 V, showing that our epitaxial films are electrically suitable for integration in a
solar cell. A 3 minutes annealing at 200 °C showed an increase in the device performance up to 7%.
However, in our epitaxial conditions, annealing above 300 °C leads to the degradation of the
interface between the substrate and the epi-layer. This is probably due to the accumulation of
hydrogen at the interface leading to blistering, thus its detachment from the substrate. The addition
of Ge to Si (from 7 to 32 %) induced an increase in Jsc for comparable epitaxial thicknesses due the
stronger absorption in SiGe, along with a reduction in Voc due to a lower bandgap. We observed that
the performances of SiGe heterojunction solar cells are highly deteriorated when the SiGe layer is
relaxed. The relaxation happens above a critical thickness (> 1um) of the heteroepitaxial layer, that
depends on Ge content: the higher the Ge content, the lower the critical thickness. In our case, 32%
of Ge was relaxed for a thickness of 1 um. We found that the critical thickness values for our PECVD
growth at 175 °C are higher than that of other epitaxial techniques happening at higher
temperatures (for which SiGes, layers relax below 100 nm). Thus with PECVD we can grow thicker
SiGe layers on Si while keeping the layer strained. We also found that SiGe solar cells exhibit better
efficiencies when grown at 200 °C instead of 175 °C.

Then, the heteroepitaxy of silicon on gallium arsenide has been studied. We successfully grew
monocrystalline silicon with thicknesses of 1 um. The strain has been fully relaxed at the interface,
leading to thick epitaxial layers of monocrystalline silicon with no threading dislocations. Using
XRD analysis of both out-of-plane and in-plane lattice parameters, we observed two interesting
phenomena on the epi-Si layers. On the one hand, we found that the out-of-plane parameter (a,) is
1% higher than that of the theoretical bulk Si. We correlate this behavior to the presence of hydrogen
that induces strain in the growth direction. On the other hand, the in-plane parameter (a,/) is lower
than that of the bulk. As the lattice parameter of the bulk GaAs is 4% higher than that of Si, we
would have expected a tensile strain, but we found here a compressive strain. In order to explain this
unexpected result, we must consider the role of the thermal strain of the GaAs substrate that has a
higher thermal expansion coefficient than Si. But this behavior can be explained only if the surface
temperature of the substrate is locally much higher than the 175 °C set point of the reactor. This
observation could actually help understanding the growth mechanisms of low-temperature PECVD,
and be an experimental proof that the growth surface during the growth is locally at really higher
temperatures. This would explain how a full monocrystal can be obtained at such low reactor
temperature.
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The development of the tandem solar cell does not only lie on the growth of Si on GaAs. To
manufacture a working tandem device, a large number of steps and building blocks had also to be
achieved. While the III-V lab has a strong expertise in MOVPE growth and processing for various
other applications (photonics, optoelectronics...), photovoltaic was a new topic, and we had to adapt
the know-how to our application. Thus, we developed the materials necessary to grow the III-V
subcell with Al,..Ga,;sAs, designed to be current-matched with Si. The full process in clean rooms,
along with the design of the grid geometry had to be developed, in order to realize measurable I1I-V
solar cells. With our design, we achieved conversion efficiencies up to 17.6 % with fill factors
between 80 and 85 %, reaching state-of-the-art for AliGa,«As solar cells with a bandgap adapted for
integration into a tandem solar cell with Si.

Also, heavily doped n-type and p-type III-V layers (GaAs, AlGaAs and GaInP) have been developed
in order to fabricate tunnel junctions (TJ), which is another essential part of our targeted device.
Indeed, in a two terminal configuration, a TJ is essential to allow the carrier to flow from the top-cell
to the bottom by tunnel effect. We could reach good peak tunneling current (Jpeax ~10 mA/cm?2) with
standard dopants used in MOVPE (C for p-type and Si for n-type). However, as n-doping level is
limited to 1.2x10% cm due to Si amphoteric behavior, optimization of p-type doping level did not
enhance the Jyea. Thus, to further increase the performances of our TJs, we developed the doping of
GaAs with tellurium, using DIPTe precursor. We finally could reach doping levels higher than
2.7x10% cm3, and found that our precursor is less sensitive to the growth temperature than the
other common precursor (DETe). We also found that the nature of the underlying layer can decrease
Te incorporation, but it can be solved by performing an in-situ annealing between the growths of the
two layers. With such a n-doped layer, we reached state-of-the-art tunnel junctions with peak
tunneling currents as high as 3000 A/cmz2. These TJs are not only suitable for our application, but
can also be integrated in multi-junction solar cells working under high concentration. We also
explored the possibility of doing Si/GaAs hybrid tunnel junctions aiming at taking advantage from
the defects located at the interface of the heteroepitaxy to enhance the TJ performances. This would
also avoid having this interface elsewhere, where the recombination due to these defects could be
critical for tandem solar cell performances. We successfully grew heavily doped crystalline Si layers
on top of GaAs, but issues in the device measurements did not allow us to conclude on its
performances.

We must however keep in mind that the dopants of the tunnel junction can be partly passivated due
to the further exposition to a H, plasma during PECVD heteroepitaxy. Indeed, we showed that
hydrogen plasma can deactivate the dopants in GaAs (Te, C, Si), in a non-negligible way: at the
surface of the III-V material, the doping level can be reduced by up to one order of magnitude. This
passivation is due to the diffusion of hydrogen in the layer that forms complexes with the dopant
atoms. Luckily, this behavior can be recovered by performing a thermal annealing.

Once all of these steps were mastered, we could thus grow the inverted metamorphic solar cell,
which is composed of the inverted III-V solar cell followed by the III-V tunnel junction and finally
the epitaxial growth of Si layer. For a working tandem solar cell, one last crucial step was missing:
the bonding of the stack on a mechanical holder so as to etch the GaAs substrate and handle the 5 to
10 um-thick remaining active layer for the following solar cell process flow. With the available
techniques in our clean room environment, we chose to bond our stack with a polymer (BCB). The
process was simplified as compared to the upright solar cell, because, each additional process step
(substrate etching, spin coating, lift-off...) can induce critical deterioration of the active layer. With
several iterations, we learnt how to avoid these process issues and succeeded in bonding full 2
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inches wafers with functioning solar cells designed with a 5x5 mm2 area. Once relatively confident
on these steps, we finally bonded a full stack of I1I-V/TJ/epi-Si with 1 pm of epi-Si. The substrate
removal was found to be even more critical than for the III-V inverted cell. Indeed, as we have
observed earlier by studying the structure of the epi-layer, our Si is in tensile strain. When removing
a 750 um substrate, we actually observed that the AlGaAs layer was relaxing the strain and inducing
cracks all over the wafer. We could reduce these issues by using a thinner GaAs substrate (350 um
thick), and we are thus close to finally fabricate and measure our first tandem solar cell made by
inverted metamorphic growth of c-Si on GaAs by low temperature PECVD.

Perspectives

During this work, various aspects of the fabrication of a tandem solar cell have been explored. This
has led to the achievements presented above and had also raised numerous questions. These are
worth exploring in order, not only to further improve the building blocks of the tandem solar cell,
and obviously, of the final tandem solar cell itself, but also to understand more fundamental
physical phenomena.

The development of SiGe on GaAs is the next step towards the fabrication of tandem solar cells with
our approach. Indeed, the bandgap combination between AlGaAs and SiGe with the right
compositions can also lead to high efficiency tandem solar cells, and it would reduce the required
thickness of epitaxial SiGe due to the higher absorption coefficient of SiGe. Also, as Ge lattice
constant is close to that of GaAs, high Ge content could be achievable without relaxation of the SiGe
layer. It would also be interesting to explore the growth of ¢-Si by PECVD at higher temperature
(from 300 to 400 °C) to reduce the amount of hydrogen incorporated in the epitaxial layer, and thus
increase the thermal stability of the layers upon annealing.

In this manuscript, the interpretation of the small in-plane lattice parameter of our epi-Si on GaAs
leads to the following possible conclusion: the growth of epitaxial Si may happen thanks to a local
high temperature at the growing surface. Our hypothesis is that this smaller in-plane lattice
parameter is due to the thermal strain induced by the GaAs substrate. It seems that the growth
surface is at higher temperature than the reactor temperature. If this assumption remains
qualitative and with lots of approximations, the trend seems to be confirmed by the values already
obtained in the lab on Si/GaAs heteroepitaxy as well as Si on Ge. It is definitely a route to explore, by
performing systematic studies on the in-plane parameter of heteroepitaxial Si layers grown on
various (100) substrates (GaAs, Ge, InP) with fixed deposition conditions. This way, we would get a
better insight on the origin of the observed compressive strain, by decorrelating the thermal strain
from the lattice strain and the hydrogen content.

For fabricating tandem solar cells, the main challenge is now to remove the substrate without
inducing cracks in the layers. Also, if we may succeed with 1 pm thick epi-layer, detailed
investigation must be done on the strain induced by the epi-Si layer on the epi-III-V stack once the
GaAs substrate is removed. Indeed, to obtain reasonable conversion efficiencies we need to grow
thick epi-Si(Ge) layers. With thicker Si layer, is expected a higher higher strain in the II1I-V subcell.
While we can consider the addition of a strain compensation layer on top of Si, the most efficient
solution would be to use SiGe on GaAs instead of Si. Indeed, with a lattice parameter closer to that
of the GaAs, SiGe is expected to induce a lower strain on the GaAs layer after substrate removal. This
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assumption needs of course to be verified, given the fact that our PECVD grown epitaxial material
does not seem to behave as expected in terms of strain.

Even if we are not at this stage of the development of our tandem solar cell, further improvements of
the tandem solar cell can be anticipated. First, concerning the AlGaAs solar cell, further
optimization of the absorber thickness and the Al content will be needed in order to have a current-
match with the SiGe layer that we would be able to grow on GaAs. Also, the addition of a back light-
trapping scheme would have to be considered, in order to further reduce the required epitaxial
thickness of Si(Ge).

Finally, this PhD enabled to build-up expertise on several domains, nourishing each lab from their
different knowledge. Being at the crossroads between the worlds of crystalline ITI-V materials (III-V
Lab), and of silicon-based photovoltaics (PECVD materials at LPICM-Total, modelling and electrical
characterization at GeePs), enabled to build-up new expertise in those different worlds, and to open
the path to new research topics and applications. Photovoltaic can now be counted as a new field of
expertise at the III-V Lab, providing opportunities for other projects dealing with multi-junction
solar cells. Moreover, the tunnel junctions fabricated can be used not only in multijunction solar
cells but also in various other III-V devices. Furthermore, the building of a new know-how on
characterization of crystalline materials by means of X-Ray diffraction gives to LPICM a new tool to
understand the crystalline growth by PECVD. Finally, by performing heteroepitaxy on III-V
compounds, we may have found a key to understand the physics behind low-temperature PECVD

epitaxy.
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Résumé :

Ce travail présente une approche innovante pour fabriquer
ces cellules solaires tandem [11-V/Si en utilisant une
approche inverse métamorphique par PECVD a basse
température (<200 °C). Pour réaliser la structure finale de
la cellule solaire tandem en SiGe/AlGaAs, le
développement et 1’optimisation de plusieurs briques
technologiques. Tout d’abord, nous développons 1’épitaxie
a 175 °C de Si(Ge) sur des substrats de Si (100), et
montrons leurs bonnes performances électriques en
réalisant des cellules solaires a hétérojonctions avec un
absorbeur épitaxié de 1.5 um ayant un Voc jusqu’a 0.57 V.
Ensuite, les premiers stades de 1’hétéroépitaxie de Si sur
GaAs par PECVD sont étudions par diffraction des rayons
X par rayonnement synchrotron. Nous trouvons un
comportement inattendu : le Si est relaché des les premiers
nanometres, mais sa maille est tétragonale. 1l présente un
a| élevé, que I’on attribue a la présence d’hydrogene dans
la couche. Le faible a, est attribué a une contrainte
thermique induite par le substrat GaAs. L hydrogéne joue
aussi un réle dans le GaAs : nous trouvons que le niveau

Titre :.Cellules solaires tandem 111-V/Si : une approche inverse métamorphique par PECVD basse température de c-Si(Ge)

Mots clés : Epitaxie, PECVD, MOVPE, Hétéro-épitaxie, Cellules Solaires Tandem, 111-\V/Si, Jonctions Tunnel

de dopage dans le GaAs est diminué d’un ordre de
grandeur lorsqu’il est exposé a un plasma d’hydrogéne.
En parallele, nous développons par MOVPE des jonctions
tunnel en matériaux I11-V. En particulier, le dopage n du
GaAs au tellurium avec le précurseur DIPTe permets de
réaliser des jonctions tunnel avec des courants pic
atteignant jusqu’a 3000 A/cm? rejoignant ainsi les
résultats de 1’état de I’art.

De plus, nous développons la croissance des matériaux
pour réaliser une cellule solaire en AlGaAs, ainsi que le
design et les étapes technologiques en salle blanche. Nous
réalisons ainsi des cellules Aly,Gag7gAs a 1’état de I’art
atteignant une efficacité de 17.6 %.

Enfin, une derniére étape de la fabrication du dispositif est
étudiée : le report sur un substrat hote. Nous montrons que
I’on peut reporter une cellule simple inversée en AlGaAs
sur du Si, retirer le substrat GaAs et effectuer les étapes de
microfabrication sur 2 pouces. Apres avoir fait croitre la
structure d’une cellule tandem compléte avec 1 pm de Si,
nous étudions le collage ainsi que le retrait du substrat de
cette cellule solare tandem en Si/AlGaAs.

Abstract: This thesis focuses on an innovative way of
fabricating I11-V/Si tandem solar cells with an inverted
metamorphic approach using low temperature (<200°C)
PECVD. The realization of the final tandem solar cell made
of SiGe/AlGaAs requires the development and optimization
of various building blocks.

First, we develop the epitaxy at 175°C of Si(Ge) on (100) Si
substrates and show promising electrical performances of
such grown Si(Ge) by realizing heterojunction solar cells
with 1.5 pm epitaxial absorber leading to a V. up to 0.57V.
Then, the hetero-epitaxy of Si on GaAs by PECVD is
studied, and the first stages of the growth are investigated
by X-ray diffraction with synchrotron beam. We find an
unexpected behavior: the grown Si is fully relaxed, but
tetragonal. The high a is attributed to the high hydrogen
content, and the low a// to the thermal strain induced by the
GaAs substrate. Also, we found that hydrogen plays a
strong role in GaAs: its doping level is decreased by one
order of magnitude when exposed to a H, plasma

Title : I11-V/Si tandem solar cells: an inverted metamorphic approach using low temperature PECVD of ¢-Si(Ge) on GaAs

Keywords : Epitaxy, PECVD, MOVPE, Heteroepitaxy, Tandem Solar Cells, I11-V/Si, Tunnel Junctions

Meanwhile, tunnel junctions are developed, and in
particular the n-doping of GaAs with tellurium by MOVPE.
The high doping levels achieved lead to state-of-the-art
tunnel junction with peak tunneling currents up to 3000
Alcm?,

Furthermore, we develop materials for AlGaAs solar cells
by MOVPE, as well as their full grid design and process
flow in clean rooms. We reach state-of-the art efficiency of
17.6 % for a Al ,,Gag 7gAs solar cell, being thus suitable for
its integration in the tandem solar cell.

Finally, the last step of device fabrication is studied: the
bonding on a host substrate. We successfully bond an
inverted AlGaAs cell, remove it from its substrate, and
process a full 2” wafer. We succeed in growing our first
tandem solar cells by growing thick layers (> 1 um) of Si
on inverted AlGaAs solar cells followed by a TJ, and we
study the bonding and substrate removal of this final
Si/AlGaAs device.
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