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Introduction 
 
 
 

 Faire le point de 17 années de recherche n’est pas chose aisée. Mon activité a connu 
des changements thématiques importants et comporté différents aspects qu’il n’était pas 
possible de détailler tous. C’est pourquoi j’ai choisi de me focaliser uniquement sur ce qui a 
constitué le cœur de mon travail, l’épitaxie d’hétérostrutures à base de semi-conducteurs III-V 
phosphorés.  

Néanmoins, il m’a paru intéressant de préciser la trajectoire que j’avais suivie et le 
contexte dans lequel s’est déroulé ce travail : ceci est l’objet de la première partie. 

La seconde partie entre dans le vif du sujet et détaille mes principales contributions à 
l’élaboration d’hétérostructures de semi-conducteurs III-V. 

Dans la troisième partie, j’esquisse mon projet de recherche pour les années à venir, 
consacré aux hétérostructures de semi-conducteurs III-V antimoniés. 

La quatrième partie résume mes autres activités, notamment l’enseignement de 
Mécanique Quantique et Physique des Solides auquel je suis particulièrement attaché et les 
différents encadrements d’étudiants de DEA et thésards. 

Enfin, les annexes sont regroupées dans la cinquième partie avec la liste de mes 
publications et communications et une sélection de publications. 
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1ère partie  
 

Mon parcours dans la recherche 
 
 

Dans cette partie, je présente rapidement les thèmes de recherche que j’ai abordés à 
l’exception de l’épitaxie d’hétérostructures de semi-conducteurs III-V qui est détaillée dans la 
seconde partie. Si, pour certaines de ces activités telle l’étude des couches minces de siliciures, 
la page est tournée d’autres telle l’analyse de surfaces par spectroscopie de photoélectrons 
continue de faire partie de mon paysage quotidien. 
 
Les débuts 
 

J’ai commencé durant la thèse d'Université par l'étude des siliciures de titane, puis ai 
poursuivi comme enseignant chercheur à l'ISEN par l'étude du siliciure de fer semi-
conducteur et l’oxydation des alliages SiGe. Cette période m’a permis d’aborder le monde des 
matériaux semi-conducteurs, les problèmes d’interface liés aux films minces de quelques 
nanomètres d’épaisseur et d’acquérir une expérience en techniques d’analyse de surfaces. 
 

Quelques mots sur les siliciures 
Tout commence avec le silicium ! 

 
Dans la fabrication des composants silicium, les siliciures interviennent comme 

matériaux de faible résistivité pouvant avantageusement remplacer le polysilicium comme 
matériau de grille. Le siliciure de titane s'avère particulièrement intéressant puisqu'il présente 
l'une des plus faibles résistivités parmi les siliciures. C'est dans ce contexte que j'ai entrepris 
mon travail de thèse au sein du Laboratoire d’Etude des Surfaces et Interfaces (LESI, URA 
253) dirigé par Michel Lannoo. Le sujet portait sur la caractérisation de la réaction en phase 
solide lors du recuit d'un film mince de titane (1-5 nm) déposé sur un substrat de silicium dans 
une enceinte ultra-vide. Sur le plan expérimental, les conditions étaient particulières puisqu'il 
m’a fallu "démarrer" le système ultra-vide associé à cette étude, avec l'aide de Jean-Philippe 
Nys, aujourd’hui ingénieur d’études CNRS. Les techniques expérimentales que j’ai mises en 
œuvre sont essentiellement les spectroscopies Auger et de pertes d'énergie d'électrons et la 
diffraction d'électrons lents. 

Au cours de cette étude, j'ai approfondi 2 aspects de la spectroscopie Auger : 
- l'analyse quantitative qui m’a permis de déterminer la composition des siliciures 

formés à l’interface ainsi que leur mode de croissance 
- l'analyse de la forme de la raie Auger SiLVV et son interprétation à l'aide des 

densités d'états partielles en bande de valence qui m’ont donné accès à l’environnement 
chimique du silicium à l’interface et dans les films minces. Cette partie de l’étude a fait 
l’objet d’une collaboration avec l'équipe théorique du laboratoire (Isabelle Devos-Lefèbvre, 
Michel Lannoo) pour le calcul des densités d'états pour les différents siliciures [1,2]. 
Durant ce travail, j’ai participé au Groupement Circuits Intégrés Silicium (GCIS) et bénéficié 
de son soutien financier. 

Après ma soutenance de thèse en juillet 1988, les études sur les siliciures métalliques 
étaient déjà bien avancées au niveau international. Le sujet a connu alors un regain d'intérêt 
avec les siliciures semi-conducteurs et particulièrement le siliciure de fer β-FeSi2. Après 
discussion avec Paul Friedel, je me suis lancé dans l'aventure en encadrant mon premier 
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thésard, Hong Sheng Zeng (directeur de thèse : Didier Stièvenard)[3], et les mêmes outils que 
précédemment. J’y ai adjoint une technique nouvelle : la spectroscopie de structures fines de 
pertes d'énergie des électrons. Cette dernière, apparentée à l'EXAFS, permet de déterminer 
l'ordre atomique local en surface et est bien adaptée à l'étude des régions interfaciales 
amorphes ou polycristallines rencontrées dans les systèmes silicium-métaux [4,5]. 

Les siliciures de fer ont été mon premier contact avec l'épitaxie (dans ce cas en phase 
solide) puisque la phase β-FeSi2 peut s'épitaxier sur les surfaces Si(111) et (100). La qualité 
cristalline du matériau obtenu par réaction en phase solide s'est avérée mauvaise et, malgré 
l'utilisation d'un procédé de coévaporation de fer et silicium, je n'ai pu obtenir du matériau de 
qualité suffisante pour prétendre à une application de type semi-conducteur. Les principales 
raisons en sont :  

- plusieurs orientations d'épitaxie équivalentes sur Si(111) 
- la difficulté de contrôle de la stœchiométrie dans le cas de la coévaporation. 
Ce sujet a été l’occasion d’une collaboration avec les laboratoires du LEP et du 

CRMC2 (CRMCN depuis) dans le cadre d'un contrat DRET sur la faisabilité d'un détecteur à 
base de β-FeSi2 [6,7]. 
 
 

Oxydation des alliages SiGe 
Des alliages prometteurs 

 
Les années 80 voient le développement de l'épitaxie des semi-conducteurs III-V mais 

également des alliages SiGe sur substrat silicium. Ces alliages permettent d'améliorer les 
performances des composants bipolaires silicium avec le TBH à base SiGe et à effet de 
champ avec les MOSFET à canal SiGe (ou Si contraint plus récemment). Au début des années 
90, l'utilisation des alliages SiGe comme matériau de canal de transistor MOS semble 
prometteuse puisqu'elle améliore la dynamique des trous qui est l'un des facteurs limitant les 
performances des paires CMOS. La fabrication de l'oxyde de grille sur un alliage SiGe par 
oxydation thermique n'est plus envisageable dans ce cas car nécessite des températures trop 
élevées. C'est ainsi qu’après discussion avec Didier Stièvenard, j'ai abordé l'oxydation assistée 
par plasma des alliages SiGe. Ce travail a fait l’objet de la thèse de Claude Tételin dont j’ai 
assuré l’encadrement, Didier Stièvenard étant directeur de thèse [8]. Les échantillons épitaxiés 
par dépôt en phase vapeur (CVD) ont été fournis par Lili Vescan (Institut für Schicht and 
Ionentechnik, Forschungszentrum, Jülich). Cette étude a détaillé la cinétique d'oxydation de 
ces alliages en fonction de leur composition et a montré qu'elle s'accompagne de la formation 
de SiO2 en surface et d'un empilement de germanium à l'interface Si-SiO2. Pour mener à bien 
ce travail, j'ai associé la spectroscopie d'électrons Auger à un canon ionique permettant une 
analyse chimique en profondeur. Cette technique d'analyse fournit des résultats délicats à 
interpréter mais par une optimisation des conditions de profilage, un étalonnage sur des 
échantillons test et un traitement des données prenant en compte la plupart des effets 
indésirables (ion mixing,...), j’ai pu remonter à des profils de concentration "réalistes" sur des 
échelles d’épaisseur de l’ordre du nanomètre [9,10]. 
 
 
Le tournant : la création de l’IEMN 
 

En 1991, dans la perspective de la création de l'IEMN, j’ai intégré le CNRS comme 
chargé de recherche avec à la clé : 

- une mission : définition, choix et mise en oeuvre d'un appareillage de spectroscopie 
de photoélectrons (ESCA) couplé à des bâtis d'épitaxie par jets moléculaires (EJM). 



1ère partie – Mon parcours dans la recherche 
 

___________________________________________________________________________
5 

- un changement thématique puisque mon programme de recherche portait sur 
l'épitaxie d'hétérostructures à base de semi-conducteurs III-V pour applications micro-ondes. 
 

Une constante de mon activité : l’analyse de surfaces 
Surface, quand tu nous tiens… 

 
Parmi les investissements réalisés à la création de l'IEMN, il est décidé de renforcer la 

caractérisation physique de matériaux et en particulier de coupler un système d'analyse de 
surfaces (ESCA) aux bâtis d'EJM. Compte tenu de mon activité antérieure dans le domaine, je 
me suis investi dans ce projet. En collaboration avec mes collègues de l'EJM, j’ai défini le 
système, opéré le choix du fabricant et surtout me suis assuré de la compatibilité avec les bâtis 
EJM. C'est ce dernier point qui m’a demandé le plus d'énergie puisqu'aucune solution 
commerciale n'existait et qu'il a donc fallu l'inventer. Malgré un retard de livraison et 
quelques péripéties, le système est installé début 1995 et donne encore aujourd'hui toute 
satisfaction 
 

Depuis lors, j’ai en charge cet équipement d’analyse et j’ai développé son activité 
autour de 3 pôles essentiels : 

- l’étude de surfaces et d’interfaces entre semi-conducteurs III-V élaborées par épitaxie 
par jets moléculaires (cf. 2ème partie) 

- l’étude de couches organiques greffées sur substrats de silicium au laboratoire et en 
collaboration avec l’extérieur 

- la caractérisation d’étapes technologiques lors de la fabrication de composants 
 
 

Etude de couches moléculaires greffées sur silicium 
 

Depuis quelques années se développe le greffage de couches organiques sur silicium. 
La sensibilité de surface de l’XPS en fait un outil d’analyse privilégié pour ces structures où 
l’épaisseur des couches est de l’ordre de 1 à 2 nm. L’ESCA de l’IEMN disposant d’une 
source X monochromatisée, des spectres XPS haute résolution peuvent être obtenus afin de 
caractériser l’environnement chimique des différents constituants de la molécule greffée. Ce 
travail a fait l’objet d’une collaboration avec l’équipe de P. Allongue de l’Université Pierre et 
Marie Curie à Paris dans le cadre du Programme Matériaux du CNRS (1998-2000) [11-13] et 
avec le groupe physique de l’IEMN [14]. 

L’action menée avec P. Allongue visait à étudier le greffage de molécules de type 
alcènes CnH2n+1 sur substrats Si(111). Le greffage étant réalisé sur des substrats 
monocristallins, les effets de diffraction des photoélectrons peuvent altérer fortement 
l’analyse quantitative des résultats. Ils sont dus aux interférences entre l’onde électronique 
émanant de l’atome émetteur et les ondes diffusées (surtout vers l’avant pour des énergies 
électroniques supérieures à 500 eV) par les atomes voisins. Pour un cristal homogène, les 
variations d’intensité mesurées peuvent atteindre plusieurs dizaines de % suivant les angles 
polaire et azimutal de détection. Ceci a nécessité de développer une méthodologie permettant 
de s'affranchir le plus possible de ces effets. La solution retenue consiste à opérer une 
moyenne azimutale pour chaque angle polaire (angle entre la surface et la direction 
d’émission des photoélectrons) [15]. L’analyse des échantillons est effectuée suivant 
différents angles polaires (de 25 à 75°) permettant une variation de la profondeur sondée d’un 
facteur 2 environ. L’atténuation de l’intensité de la raie du silicium Si 2p donne alors accès à 
l’épaisseur de la couche greffée ou plus précisément au rapport d/λ où d est l’épaisseur de la 
couche greffée et λ le libre parcours moyen des électrons dans la couche. La méthode a été 
testée avec succès sur des échantillons de silicium recouverts d’oxyde natif. Pour l’étendre 
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aux couches moléculaires, des spectres et des intensités de référence pour les éléments Si, C 
et O, constituants majoritaires des couches greffées, ont été relevés sur des échantillons 
Si(111)-H, carbone graphite et SiO2. Les valeurs de λ obtenues sont en bon accord avec des 
déterminations précédentes portant sur des couches de thiols greffées sur des substrats d’or. 
Les différences peuvent s’interpréter par un greffage imparfait : nous avons montré que le 
taux de couverture est compris entre 0.45 et 0.5 pour un taux théorique de 0.5. Ces résultats 
sont confirmés par une détermination indépendante de la densité en atomes de carbone de la 
couche obtenue à partir de celle du graphite [13]. 
 Avec le groupe Physique de l’IEMN, j’ai abordé la fonctionnalisation de surfaces 
Si(111) par des molécules de semi-carbazine servant ultérieurement à l’accrochage de 
peptides dans le cadre de travaux menés à l’interface physique-biologie. Plus précisément, 
c’est dans ce cas la sensibilité de l’XPS à l’environnement chimique des atomes de carbone 
qui a été mise à profit pour démontrer de greffage covalent de cette molécule complexe et 
pour comparer différentes méthodes de greffage (cf. figure I.1). 
 
 

 
Figure I.1 : Schéma de principe du greffage de la molécule de semi-carbazine sur une surface 
de silicium (à gauche) et spectre XPS de la raie C1s obtenu après greffage permettant 
d’identifier les différents environnements chimiques des atomes de carbone. 
 
 

Caractérisation d’étapes technologiques 
 

L’une des activités importantes du laboratoire est la technologie des semi-conducteurs 
III-V pour la réalisation de dispositifs opto et micro-électroniques. Dans ce cadre, l’XPS 
permet de caractériser les différentes opérations technologiques telles que gravure, recuit.... et 
j’ai été fréquemment amené à collaborer avec les équipes « composants » du laboratoire à ce 
sujet [16]. A titre d’exemple, je peux citer l’étude menée sur les traitements de désoxydation 
des alliages InGaAs et InAlAs pour l’optimisation du contact Schottky de grille des 
transistors HEMT dans la filière InAlAs/InGaAs. Cette étude a déterminé les meilleures 
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attaques acides pour désoxyder la couche de contact InGaAs avant gravure du fossé de grille 
puis la couche barrière InAlAs avant le dépôt de la grille. Le même type de caractérisation a 
été mené sur les matériaux nitrures GaN, AlGaN [17]. 

Plus récemment, j’ai collaboré avec E. Dubois dans le cadre du programme européen 
SODAMOS sur la fabrication de transistors MOS silicium ultimes [18]. Il s’agit dans ce cas 
d’étudier la formation de contacts Schottky à très faible hauteur de barrière sur substrats SOI. 
Parmi les candidats possibles, nous avons étudié les siliciures de platine et d’iridium formés 
par recuit thermique sous azote d’un film métallique déposé sur silicium. L’analyse XPS 
couplée à l’érosion ionique a eu pour but de déterminer les réactions d’interface, la 
composition et la cinétique de croissance des siliciures formés en fonction de la température 
de recuit. Ces résultats ont été corrélés avec des mesures électriques [19-21]. 
 
 

Le cœur de mon travail : l’épitaxie de semi-conducteurs 
 

Mon intégration dans l'équipe "Epitaxie " de l'IEMN s’est faite avec pour but de 
développer la croissance d'hétérostructures InAlAs/InGaAs sur subtrat InP pour la fabrication 
de composants de type HEMT rapides. Je dois à Yves Druelle, professeur et à Jean-Luc 
Lorriaux, ingénieur de recherche, mon initiation à l'EJM des semi-conducteurs III-V. Francis 
Mollot, directeur de recherche au CNRS, m’a ensuite guidé dans toutes les subtilités du métier. 
J'ai pu mesurer à cette occasion l'écart qui existe entre la mise en oeuvre de l'ultra-vide pour 
les études matériaux et pour l'élaboration de matériaux semi-conducteurs pour la fabrication 
de composants. 

A mon arrivée en 1991, l'équipe "Epitaxie" a déjà acquis une expérience dans la 
réalisation de structures de type HEMT à canal GaAs ou InGaAs pseudomorphique sur 
substrat GaAs mais n'a pas encore développé de croissances sur substrat InP. J’ai développé 
cette activité en tentant d'allier une recherche portant sur la croissance des matériaux à une 
démarche spécifiquement tournée vers les composants. Plus récemment, j’ai tenté de 
diversifier le volet « matériaux » en tentant une approche de l’épitaxie de diamant par jets 
moléculaires 

 
 
Epitaxie d’hétérostructures de semi-conducteurs III-V 
 

Ce travail est exposé en détail dans la seconde partie et je n’en donne ci-dessous qu’un 
résumé. 

J’ai orienté l’aspect matériaux vers les problèmes d’interfaces et la croissance des 
semi-conducteurs phosphorés contraints. J’ai abordé le problème des interfaces à anion 
commun pour lequel nous avons proposé un modèle cinétique prenant en compte l’effet de la 
température de croissance sur les mécanismes d’échange et de ségrégation en surface. Pour 
les interfaces différant par leurs anions, la corrélation des résultats de diverses techniques m’a 
amené à une description précise de la composition chimique de ces interfaces en fonction des 
conditions de croissance et de son influence sur les propriétés électroniques de 
l’hétérostructure. Les séquences de croissance ont ensuite été optimisées pour réaliser les 
interfaces les plus abruptes possible. Cette optimisation m’a conduit à étudier la réactivité de 
surface des arséniures sous flux de phosphore pour laquelle, avec C. Priester du groupe 
Physique de l’IEMN, nous avons déterminé les facteurs essentiels : dimères d’anions en 
surface et énergie de liaison des binaires impliqués. L’effet de la contrainte sur la 
morphologie des couches de semi-conducteurs phosphorés présente des similitudes et des 
différences avec le cas des arséniés. Nous avons proposé une interprétation de ces différences 
soulignant le rôle des reconstructions de surface spécifiques aux phosphorés. 
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Concernant les composants, j’ai initié au sein de l’IEMN la croissance 
d’hétérostructures à modulation de dopage sur substrat InP. Les applications visées sont les 
composants micro-ondes de puissance ou faible bruit. J’ai ainsi été conduit à optimiser la 
croissance de structures à double plan de dopage, celle de barrière InAlAs à fort taux 
d’aluminium et celle de canaux composites pour les applications de puissance. Pour le faible 
bruit, mon effort a porté sur la croissance de canaux contraints en InGaAs à fort taux 
d’indium et de structures à dimensions ultimes pour les longueurs de grille les plus courtes. 
 
 

Une diversification à haut risque : l’homoépitaxie de diamant 
 

Durant les années 97-98, le laboratoire a entrepris une réflexion prospective sur les 
matériaux sous forme d’une commission que j’ai animée. Suite aux travaux de cette 
commission que j’ai présentés en Conseil de Laboratoire, il a été décidé d’entreprendre 
l’homoépitaxie de diamant en vue d’applications électroniques. 

Le diamant, de par ses propriétés thermique, optique et électronique exceptionnelles, 
tient une place à part dans la famille des matériaux. Il se distingue par sa capacité à supporter 
des environnements extrêmes en pression, température et puissance dissipée. Cependant, les 
dispositifs électroniques à base de diamant n'en sont qu'à leur premier stade, du fait de 
problèmes inhérents à l'élaboration de substrats diamant de pureté et de qualité cristalline 
suffisantes et de dopage. La croissance de diamant dopé n n’a été démontrée que récemment 
(1997) et a relancé l’intérêt de la communauté scientifique pour ce matériau. 

Avec Francis Mollot et Dominique Vignaud, j’ai participé activement au choix de la 
technique de croissance et à la définition du système d’épitaxie, opérant ainsi une 
diversification de mon activité de croissance de matériaux. La méthode d'élaboration retenue 
est l'Epitaxie par Jets Moléculaires à Sources Gazeuses (EJMSG). Elle se démarque nettement 
des techniques usuelles d'épitaxie du diamant, l'Epitaxie en Phase Vapeur à Filament Chaud 
(EPVFC) ou Assistée par Plasma (EPVAP). Ces deux techniques utilisent un mélange gazeux, 
composé d’un hydrocarbure (le plus souvent le méthane) et d’hydrogène, activé soit par des 
filaments de tungstène placés à quelques millimètres de l’échantillon et portés à plus de 
2000°C, soit par un plasma micro-ondes. Ceci conduit à d’importantes concentrations de 
radicaux méthyles et d’hydrogène atomique en surface de l’échantillon, les deux espèces 
supposées nécessaires à la croissance de diamant. 

Le choix de l’EJMSG est motivé par les inconvénients présentés par ces deux 
techniques. En EPVFC, la disposition des filaments à proximité de la surface en croissance est 
propice à l’incorporation d’impuretés métalliques. De plus, la carburation des filaments rend 
le craquage des gaz injectés progressivement moins efficace. En EPVAP, l’échantillon en 
croissance est placé dans le plasma et donc exposé aux espèces ionisées plus ou moins 
énergétiques qui peuvent induire des défauts cristallins, voire contribuer à l’incorporation 
d’impuretés dans le diamant épitaxié. Enfin, si ces deux techniques permettent d’obtenir des 
films monocristallins dopés de type p par ajout d’une espèce contenant du bore, elles ne 
permettent que très difficilement la croissance de films dopés de type n. Le projet de l’IEMN 
a donc deux objectifs majeurs : 

- étudier la faisabilité de l’épitaxie de diamant par EJMSG qui est une technique plus 
douce et conduite dans un environnement plus propre (ultra-vide) que les précédentes. Ceci 
est un véritable défi car jusqu’à présent, les quelques tentatives relevées dans la littérature se 
sont soldées par des croissances de films de qualité médiocre et à des vitesses très faibles 

- tenter d’améliorer l’efficacité du dopage de type n par rapport à l’épitaxie en phase 
vapeur. 
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Le bâti d'épitaxie, comportant de nombreux éléments prototypes, a été installé en salle 
blanche à l’automne 2000. Le travail de thèse de Thomas Géhin [22] dont j’ai été co-directeur 
a porté sur 3 aspects : 

- la préparation des surfaces de diamant monocristallin pour l'épitaxie 
- la recherche et la mise en œuvre d'une source intense d'hydrogène atomique et d'une 

source de radicaux méthyles, précurseurs de la croissance de diamant 
- la recherche de conditions de croissance favorisant la croissance de la phase diamant 

et non graphite 
A partir des substrats reçus du fournisseur, à l’aide de caractérisations XPS et AFM, 

nous avons mis au point une procédure de nettoyage chimique permettant d'éliminer toutes 
traces d'impuretés et de résidus de carbone amorphe à la surface. Cependant, la rugosité des 
surfaces due au polissage des substrats est telle que, après recuit dans la chambre de 
croissance, seuls certains échantillons présentent une reconstruction (2x1), observée en 
RHEED, caractéristique des surfaces atomiquement propres. 

La mise au point et la caractérisation des sources radicalaires a nécessité l’utilisation 
intensive de la spectrométrie de masse à ionisation de seuil afin de confirmer et de quantifier 
la formation des radicaux souhaités. Le craquage thermique de l’hydrogène moléculaire dans 
une cellule de type capillaire n’a permis d’obtenir que des flux d’hydrogène atomique de 
l’ordre de 1 1015/cm2s. Seule l’utilisation d’une cellule à craquage assisté par plasma RF nous 
a permis d’atteindre des valeurs environ 10 fois supérieures, de l‘ordre de 1 à 2 1016 H/cm2s à 
la surface de l’échantillon. 

La fabrication d’une source efficace de radicaux méthyles s’avère plus délicate car le 
craquage d’hydrocarbures assisté par plasma conduit rapidement à un dépôt de carbone à 
l’intérieur de la cavité radiofréquence, rendant la cellule inutilisable. Seul le craquage 
thermique est possible mais nécessite l’utilisation d’un craqueur haute température (jusque 
1800°C), compte tenu des énergies de liaison en jeu. Nous avons également fait varier le 
régime d’écoulement du gaz dans le craqueur (laminaire, moléculaire) en modifiant la 
conductance du diffuseur de sortie. Le craquage thermique du méthane (hydrocarbure utilisé 
en EPV) ne fournit des quantités significatives de radicaux méthyles (1 1015/cm2s par sccm de 
CH4) qu’en écoulement laminaire dans le craqueur, favorisant l’accommodation thermique. 
Dans le cas de l’éthane, une efficacité légèrement supérieure a été obtenue (5 1015/cm2s par 
sccm de C2H6) mais cette fois en régime moléculaire. Pour accroître le flux de radicaux 
méthyles, nous nous sommes alors tournés vers des précurseurs originaux : l’isobutène et 
l’acétone pour lesquels les énergies de liaison sont plus faibles. Avec ces derniers, nous avons 
ainsi pu obtenir des flux nettement supérieurs (de l’ordre de 1 à 2 1016/cm2s par sccm de gaz 
précurseur). Cependant, dans le cas de l’isobutène, la production de radicaux méthyles 
s’accompagne de celle de radicaux allyles (C3H5) alors que le craquage de l’acétone conduit à 
la formation simultanée de CO, molécule très stable [23]. 

Nous avons ensuite exploré la recherche des conditions de croissance de la phase 
diamant sur substrats silicium et diamant. Par analogie avec les techniques EPVFC et EPVAP, 
nous dirigeons sur la surface un flux de radicaux méthyles et un flux d’hydrogène atomique. 
Nous avons exploré une gamme de température de substrat allant de l’ambiante à 1100°C. Sur 
substrat silicium, en utilisant le craquage thermique du méthane, de l’éthane ou de l’acétone 
nous avons observé la formation de SiC polycristallin pour des températures supérieures à 
650°C, mais aucune nucléation de la phase diamant. Par contre, aucune croissance n’est 
détectée sur substrat diamant quels que soient la température et le rapport des flux hydrogène 
atomique/radicaux méthyles (de 1 à 20). 

Le craquage thermique de l’isobutène conduit à des résultats différents. En effet, sur 
silicium, nous avons pu déposer des films de type DLC (plusieurs centaines de nanomètres 
d’épaisseur) à température ambiante. Hélas, ces films se subliment au-delà de 500°C et n’ont 
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pas pu servir de base à la nucléation de la phase diamant. Sur substrat diamant, nous avons 
obtenu de faibles dépôts de carbone amorphe (quelques nanomètres d’épaisseur) plus ou 
moins hydrogéné suivant la température de croissance mais là encore, jamais de croissance de 
la phase diamant. Les dépôts observés avec l’isobutène sont probablement dus aux radicaux 
allyles (C3H5) issus du craquage de l’isobutène, et non aux radicaux méthyles. 

Les schémas réactionnels permettant la croissance de diamant en EPV sont donc 
inopérants en EJM. L’une des raisons en est sans doute le trop faible flux d’hydrogène 
atomique obtenu en EJM (quelques 1016/cm2s) comparé à celui utilisé en EPV (quelques 
1019/cm2s). L’hydrogène atomique est à l’origine des réactions d’activation de la surface, 
d’abstraction et de recombinaison sur les radicaux méthyles permettant finalement 
l’incorporation de ces radicaux en diamant. Le faible flux utilisé en EJM pénalise donc 
fortement la fréquence de ces réactions durant la durée de vie des radicaux méthyles en 
surface, limitée par la désorption thermique. L’augmentation de la durée de vie des radicaux 
par une diminution de la température du substrat ne permet pas d’améliorer la situation car, 
dans ce cas, les phénomènes de gravure deviennent prépondérants. 

Le couple radicaux méthyles-hydrogène atomique ne fonctionne donc pas en EJM. 
L’augmentation significative du flux d’hydrogène atomique pour se rapprocher des conditions 
EPV paraît très difficile à réaliser techniquement. L’alternative consiste alors à utiliser des 
radicaux plus réactifs que les radicaux méthyles et ayant donc une durée de vie supérieure à la 
surface : c’est cette voie que nous explorons actuellement. 
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2ème Partie 
 

Hétérostructures à base de semi-conducteurs III-V phosphorés 
 

De la physique des surfaces aux composants 
 

Mon travail en Epitaxie par Jets Moléculaires de semi-conducteurs III-V a comporté de 
nombreux aspects. Cela m’a permis d’aborder différentes problématiques, allant de la 
physique des surfaces aux composants hyperfréquences. Je ne mentionnerai ici que mes 
contributions les plus significatives que j’ai regroupées en quatre thèmes principaux. 

Le premier concerne les reconstructions de surface qui jouent un rôle primordial dans 
la croissance épitaxiale. Je discuterai particulièrement les reconstructions de surface des 
phosphures qui présentent des différences notables avec celles plus documentées des 
arséniures. Une autre caractéristique majeure des hétérostructures est la qualité de leurs 
interfaces que j’aborderai ensuite, suivant qu’elles mettent en jeu des semi-conducteurs à 
anion commun ou non. La contrainte tient également une place de choix en épitaxie 
puisqu’elle fixe les limites au-delà desquelles il n’est pas toujours bon d’aller, 
quoique…Enfin, la croissance d’hétérostructures vise le plus souvent la réalisation de 
dispositifs opto ou microélectroniques. J’illustrerai dans cette dernière partie les résultats 
obtenus sur des structures à modulation de dopage, de type HEMT. 
 
 
Reconstructions de surfaces 

Un vieux problème… toujours d’actualité 
 

Les reconstructions de surface sont observées sur la plupart des surfaces de 
monocristaux, métalliques ou semi-conducteurs. Dans le cas des semi-conducteurs III-V, elles 
dépendent de la composition de la surface en élément III ou V. A ce titre, leur connaissance 
est un guide précieux lors de l’épitaxie puisqu’il permet par observation du diagramme 
RHEED, d’estimer la composition de la surface en croissance. Ces différentes reconstructions 
correspondent à des énergies spécifiques différentes qui peuvent favoriser la diffusion de 
surface des espèces incidentes mais aussi la transition d’un mode de croissance 
bidimensionnel vers un mode tridimensionnel. Historiquement, les reconstructions de surface 
de GaAs ont servi de prototype à toute discussion sur d’autres semi-conducteurs III-V. Je 
commence donc par un bref retour sur les reconstructions les plus courantes des surfaces 
GaAs (001) et InAs (001) avant de présenter le cas des phosphures GaP (001) et InP (001). 
 

Les  surfaces GaAs et InAs (001) 
A tout seigneur, tout honneur : la surface GaAs(001) 

 
Lors de la croissance de GaAs, l’observation des diagrammes RHEED révèle 

principalement 3 reconstructions que l’on peut classer suivant leur concentration décroissante 
en arsenic : c(4x4), (2x4) et (4x2). La c(4x4) est une reconstruction très riche en arsenic avec 
plus d’une monocouche d’arsenic en surface tandis que la (4x2) est enrichie en gallium. Pour 
ces raisons, la croissance de GaAs s’effectue le plus souvent en (2x4), pour laquelle la 
composition en arsenic est de l’ordre de 0.5-0.75 monocouche. Une caractéristique importante 
de la surface de GaAs (comme des autres arséniures) est la possibilité d’observer la transition 
d’une surface riche en arsenic à une surface riche en gallium en suivant le passage d’un 
diagramme RHEED (2x4) à un diagramme (4x2). 
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La reconstruction (2x4) de GaAs a suscité de nombreuses études expérimentales 
(photoémission, STM, RDS,…) et théoriques (calculs ab initio d’énergie de différents 
modèles de reconstruction) [1-8]. Lors de la croissance épitaxiale de GaAs, des changements 
d’intensité des raies fractionnaires du diagramme (2x4) permettent de distinguer les 
reconstruction (2x4) α, β et γ. Il existe actuellement un consensus suivant lequel 
l’arrangement le plus stable correspond au modèle β2 (2x4) (figure II.1), dans lequel le taux 
de couverture en arsenic est de 0.75. 
 

 
Plus précis : GaAs (2x4) 

 
 
 
 
 
 
 

Figure II. 1 : vues de dessus et de profil de 
la reconstruction GaAs β2(2x4)(d’après [8]). 
 
 
 
 
 
 

La reconstruction riche gallium est plus complexe et ce n’est que récemment que le 
modèle ξ(4x2), permettant de rendre compte de toutes les observations expérimentales, a été 
élaboré [9-12]. 
 
 

 
Cela peut devenir complexe…. 

 
 
 
 
 
 
Figure II.2 : vues de dessus et de profil 

de la reconstruction GaAs 
ξ(4x2)(d’après [11]). 

 
 

 
 

Finalement, la reconstruction c(4x4),la plus riche en arsenic, fait encore débat puisque 
si jusqu’alors, elle était décrite avec plusieurs dimères d’arsenic en surface [13,14] conduisant 
à un taux de couverture en arsenic de 1.75, des résultats récents tendent à prouver qu’elle est 
caractérisée par 3 dimères mixtes Ga-As et un taux de couverture de 1.0 en arsenic [15]. 
Néanmoins, cette dernière valeur semble faible car très proche de celle relevée sur la 
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reconstruction β2 (2x4) alors que ces 2 reconstructions apparaissent expérimentalement pour 
des pressions d’arsenic ou des températures de substrat très distinctes. 
 

Dans le cas de la surface InAs (001) (2x4), des mesures en diffraction de rayons X 
rasants ont conclu au même modèle β2 que pour la surface de GaAs [16]. Néanmoins , des 
observations récentes en STM démontrent que l’arrangement atomique correspondant aux 
surfaces (2x4) est plutôt un mélange des reconstructions β2 et α2 [17,18] (figure II.3).  
 
 
 
 
 
 
 
 
 
 
 
Figure II.3 : vues de dessus et de profil des reconstructions α2 (2x4) (gauche) et β2 (2x4) 
(droite) rencontrées sur les surfaces InAs (d’après [17]). 
 
 

Etude des surfaces de phosphures par RHEED et photoémission 
 

Par comparaison, les reconstructions de surface des phosphures ont été beaucoup 
moins étudiées et ce n’est que récemment qu’ont émergé des modèles convaincants. J’ai pour 

ma part étudié les reconstructions de surface de GaP et InP(001) par RHEED et 
photoémission induite par rayons X (XPS) [19]. 

Des surfaces riches en phosphore ont été préparées en exposant à un flux de phosphore 
à basse température des couches épitaxiées de GaP et InP. Nous avons suivi ensuite 
l’évolution du diagramme RHEED lors du chauffage de ces surfaces sous ultra-vide. La 
séquence d’apparition des reconstructions lors de la montée en température est similaire dans 
les 2 cas, à savoir une (2x2) suivie d’une (2x1) puis d’une (2x4) basse température (BT) et 
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enfin une (2x4) haute température (HT) (figure II.4). Ces résultats sont en bon accord avec 
ceux de LaBella et al. [20]. Une des différences essentielles avec le cas des arséniures est 
qu’il n’existe pas de reconstruction (4x2). 
 

Nous nous sommes intéressés plus particulièrement aux reconstructions (2x4). Les 
mesures XPS résolues angulairement montrent que la (2x4) BT est riche phosphore alors que 
la (2x4) HT est riche cation. Les spectres XPS haute résolution sur la raie P2p révèlent une 
composante de surface à plus faible énergie de liaison pour la (2x4) HT, en bon accord avec la 
littérature (figure II.5). Le modèle structural de cette reconstruction a été reporté récemment, 
consistant en une surface riche cation terminée par un dimère mixte (figure II.6) [21-24]. Le 
taux de couverture en phosphore suivant ce modèle est de 1/8 : il s’agit bien d’une surface 
riche cation. Pour la GaP(2x4) BT, une seconde composante à plus forte énergie de liaison 
apparaît (figure II.5). Ceci témoigne de 2 sites atomiques différents pour les atomes de 
phosphore en surface de la (2x4) BT. Dans le cas d’InP par contre, apparaît une 3ème 
composante de surface à plus haute énergie de liaison correspondant à du phosphore 
élémentaire adsorbé sur la surface. Pour InP, la (2x4) BT est donc vraisemblablement une 
reconstruction de transition entre la (2x1) et la (2x4)HT. 

 
 
Figure II.5 : spectre P2p du phosphore enregistré sur une surface GaP(001) (2x4) BT (a) et 
(2x4) HT (b). 
 

 
 
 
 
Figure II.6 : modèle de reconstruction (2x4) 
mixed-dimer (d’après [21]). 
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Les interfaces 
Des zones bien mystérieuses 

 
L’une des caractéristiques des hétérostructures à base de semi-conducteurs III-V est 

qu’elles mettent en jeu des couches de faible épaisseur, typiquement quelques dizaines de 
nanomètres ou moins. La fabrication de telles structures impose un contrôle précis des 
vitesses de croissance mais requiert également la maîtrise de la réalisation des interfaces. 
L’EJM est techniquement bien armée pour affronter ces exigences puisqu’avec des vitesses de 
croissance typiques de 1µm/h et des changements de matériaux en des temps inférieurs à la 
seconde, on peut espérer contrôler les épaisseurs et les interfaces à la monocouche atomique 
près. Néanmoins, on peut identifier 3 sources essentielles d’élargissement des interfaces : 

- l’interdiffusion des espèces 
- la rugosité du front de croissance 
- la ségrégation 
- les effets mémoire du système 

Aux températures de croissance de l’EJM, l’interdiffusion des éléments III et V est 
négligeable [25-27], contrairement au cas de la MOCVD, opérant à plus hautes températures. 
La rugosité du front de croissance intervient quelle que soit l’interface considérée, dépend des 
paramètres de croissance et de l’état de contrainte de la couche : je n’en discuterai pas 
davantage dans cette partie. Les 2 derniers effets interviennent différemment suivant 
l’interface considérée. Les interfaces à anion commun et ne différant que par leur cation ne 
sont influencées que par la ségrégation. En effet, aux températures de croissance, il n’existe 
aucun effet mémoire lié aux cations dont la pression de vapeur est très faible. Par contre, ces 
effets mémoire doivent être pris en compte pour les interfaces différant par leurs anions. 

Ce travail a débuté en 1994 avec la thèse d’Olivier Dehaese [28] que j’ai encadrée et 
dont le directeur de thèse était Didier Stièvenard. A cette époque, la ségrégation des éléments 
III était déjà avérée [29] et nous avions pour but dans cette thèse d’étudier la ségrégation des 
éléments V, notamment As par rapport à P. Cependant, les modèles proposés jusque là pour 
décrire la ségrégation nous ont semblé insuffisants et cela nous a amené à développer un 
modèle cinétique de ségrégation, d’abord mis en œuvre et validé sur les éléments III.  

En passant aux éléments V, nous nous sommes rapidement aperçus que 
l’élargissement des interfaces différant par leurs anions était davantage dû à des effets 
expérimentaux qu’à la ségrégation. Notre travail dans ce domaine s’est donc orienté vers une 
optimisation de la procédure de commutation des anions. Cette partie doit également 
beaucoup au travail de thèse d’Olivier Schuler [30]. 

La mise en œuvre de cette optimisation nécessite d’exposer la surface d’un phosphure 
à un flux d’arsenic ou vice-versa. C’est pourquoi nous nous sommes ensuite intéressés à 
l’évolution des surfaces d’arséniures sous flux de phosphore, en collaboration avec C. 
Priester. 
 

Interfaces à anion commun 
 
 La ségrégation 

Un phénomène général 
 
La ségrégation est un phénomène général dans la métallurgie des alliages. Elle se 

manifeste par l’enrichissement de la surface en l’un des constituants de l’alliage lors de 
traitements thermiques. Lors de l’épitaxie d’hétérostructures de semi-conducteurs III-V à 
anion commun, la ségrégation se manifeste par l’enrichissement de la surface en l’un des 
cations. Ainsi, lors de la croissance du binaire BV sur le binaire AV, si A est l’élément 
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ségrégant, A s’incorpore lors de la croissance de BV. De même, lors de la croissance de 
l’alliage ABV, la surface est enrichie en A. 

La ségrégation est gouvernée par 2 processus de base : 
- la minimisation de l’énergie de surface 
- la minimisation de l’énergie élastique et donc de la contrainte 

La surface en croissance possède toujours un nombre important de liaisons insatisfaites dont 
le coût énergétique dépend des éléments. Ainsi, il est énergétiquement plus favorable que le 
composé ayant la plus faible énergie de surface ségrége vers la surface. Lors de la croissance 
d’alliages contraints, le binaire présentant le plus fort désaccord de maille avec le substrat a 
intérêt à ségréger pour diminuer l’énergie élastique emmagasinée et relaxer partiellement la 
contrainte en surface. Ces 2 processus peuvent se cumuler ou entrer en compétition.  

Historiquement, la ségrégation du gallium par rapport à l’aluminium [29] et celle de 
l’indium par rapport au gallium [29, 31, 32] ont été rapidement mises en évidence. 
 
 Les modèles et leur limitation 
 

La diffusion des éléments pouvant être négligée, tous les modèles décrivent la 
ségrégation par un processus d’échange entre la monocouche atomique en croissance et celle 
immédiatement en dessous appelée monocouche de volume (figure II.7). De plus, aux 
températures de croissance, la réévaporation des éléments III est nulle, correspondant à un 
coefficient de collage de 1 [33]. Ceci autorise l’utilisation d’une équation de conservation de 
la matière qui permet de calculer itérativement la concentration de chaque monocouche. 
Avant notre travail sur le sujet, on distinguait :  

- le modèle à taux d’échange constant 
- le modèle à l’équilibre thermodynamique 

 
 
 
 
 
Figure II.7 : représentation schématique de l’échange. 
 
 
 
 
 
 
 
 
 
 
 

 
Un modèle empirique 

 
Considérons à nouveau 2 binaires AV et BV pour lesquels il y a ségrégation à la 

surface de l’élément A par rapport à B. La composition en élément A de la monocouche en 
croissance est égale à la composition nominale à laquelle on ajoute une partie due à la 
ségrégation. Dans le modèle à taux d’échange constant, cette dernière est supposée égale à R 
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fois la composition en élément A de la dernière monocouche de volume [29,31,32]. Un calcul 
itératif permet de calculer la concentration en A tout au long de la croissance. 
 Ce modèle permet de décrire correctement la ségrégation par ajustement du paramètre 
R sur des données expérimentales. Par contre, il n’a pas de caractère prédictif : si les 
conditions de croissance sont modifiées, une nouvelle valeur de R est nécessaire. Par ailleurs, 
le fait de garder R fixe pour toute composition n’est pas justifié et, sans autre précaution, 
conduit dans certains cas à des valeurs de concentration supérieures à 1 [28]. Cette difficulté 
est levée dans le modèle à l’équilibre thermodynamique. 
 

Mieux : faisons entrer la thermodynamique 
 

Dans le modèle à l’équilibre thermodynamique [34-36], les concentrations en A et B 
sur la monocouche en croissance et la dernière monocouche de volume sont régies par un 
équilibre de constante : 
     K = exp(Es/kT)     (II.1) 
 
où Es est l’énergie de ségrégation. Es est le seul paramètre du modèle et représente le gain 
énergétique au cours de l’échange. L’interprétation physique simple de ce modèle a contribué 
à son succès. Néanmoins, il pose la question de savoir si l’on peut considérer que la 
croissance de semi-conducteurs III-V se fait à l’équilibre thermodynamique ou s’il faut 
prendre en compte la cinétique. La réponse est fournie par des résultats expérimentaux 
mettant en évidence une diminution de la ségrégation lorsque la température de croissance 
décroît [35-39]. Or ce modèle, à Es fixée, prédit une augmentation de K et donc de la 
ségrégation si l’on baisse la température. C’est pour lever cette contradiction que nous avons 
développé un modèle cinétique de ségrégation. 
 
 Le modèle cinétique de ségrégation 
 

Tentons de rendre compte de l’expérience 
 
 La prise en compte de la cinétique de croissance à travers les deux paramètres 
importants que sont la température et la vitesse de croissance est l’objectif principal de tout 
modèle cinétique. Pour y parvenir, il est possible de développer une méthode de simulation 
microscopique, généralement basée sur la méthode de Monte-Carlo ou de traiter le problème à 
un niveau macroscopique en s’inspirant de méthodes statistiques utilisées par exemple en 
cinétique chimique. Pour modéliser la ségrégation des éléments III au cours de la croissance 
de semi-conducteurs III-V, nous avons choisi cette seconde approche qui permet de rester 
dans la continuité du modèle d’échange à l’équilibre thermodynamique. Tout comme ceux 
présentés précédemment, notre modèle cinétique suppose un échange entre un atome de la 
monocouche de volume et un autre de celle de surface ainsi que l’absence de réévaporation 
des éléments III afin de pouvoir ajouter une équation de conservation. Le diagramme II.8 
schématise l’échange entre l’élément A ségrégant et l’élément B non. La prise en compte de 
la cinétique intervient par l’introduction des barrières énergétiques E1 et E2 qui permettent de 
définir des taux d’échange et de contre-échange. Ces derniers sont introduits dans des 
équations différentielles du premier ordre par rapport au temps pour décrire l’évolution 
temporelle des concentrations [40]. 
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Figure II.8. diagramme de configuration 
pour un échange In/Ga. 
 
 
 
 
 
 
 
 

 
Avant notre étude, la mise en évidence expérimentale de la ségrégation s’était faite 

principalement par des mesures de photoluminescence sur des puits quantiques 
judicieusement choisis. La ségrégation ayant pour effet d’introduire des zones graduelles aux 
interfaces, les énergies des transitions optiques s’en trouvent modifiées. L’écart entre les 
énergies attendues et celles mesurées caractérise alors la ségrégation. Cependant, ceci ne 
permet pas de remonter à un profil de concentration aux interfaces car plusieurs modèles 
peuvent donner des énergies de transition optique très voisines. 
 

L’apport de l’XPS 
 

Pour tenter de préciser les profils de concentration aux interfaces, nous avons utilisé la 
photoémission induite par rayons X (XPS) résolue angulairement. En effet, la profondeur 
sondée par cette technique est 3λ sinθ où λ est le libre parcours inélastique moyen des 
photoélectrons et θ l’angle polaire d’émission des photoélectrons repéré par rapport au plan 
de surface. Ainsi, en faisant varier θ, on sonde plus ou moins profondément le matériau. Dans 
le cas d’une interface entre un binaire BV déposé sur un binaire AV, on peut, en choisissant 
correctement l’épaisseur de BV, sonder soit BV seul, soit BV et les dernières monocouches de 
AV. L’intensité d’un niveau de cœur de l’élément A mesurée en XPS est proportionnelle à la 
concentration de A sur l’épaisseur sondée. Cependant, l’évolution des intensités XPS en 
fonction de l’épaisseur sondée ne permet pas de remonter directement à un profil de 
concentration. Les intensités relevées pour différents angles d’émission sont donc comparées 
aux intensités calculées en supposant différents modèles de concentration. 
 Néanmoins, lors de mesures XPS réalisées sur des monocristaux, apparaissent des 
phénomènes de photodiffraction suivant les principales directions cristallographiques. 
Clairement, ces effets se superposent aux variations d’intensité liées aux changements de 
concentration et, sans précaution particulière, rendent toute détermination de concentration 
aléatoire. Pour remédier à ce problème, nous avons utilisé une moyenne azimutale du signal 
XPS en faisant tourner l’échantillon sur lui-même pendant l’acquisition à un angle polaire 
fixé (cf. 1ère partie « Etude de couches moléculaires greffées sur silicium ») . Pour s’affranchir 
des variations du dispositif expérimental, nous avons de plus utilisé des rapports d’intensité. 

Notre modèle cinétique de ségrégation a ainsi pu être testé sur l’interface GaAs sur 
GaInAs. La figure II.9 illustre l’accord obtenu entre notre modèle et l’expérience dans le cas 
d’une couche de 10 mc de GaAs épitaxiée sur une couche de 100 Å de GaInAs sur substrat 
GaAs. Avec les mêmes valeurs des barrières E1 et E2 (1.74 et 1.91 eV respectivement), nous 
parvenons à modéliser correctement les mesures à 400 et 500°C. En particulier, notre modèle 
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rend compte de la diminution de la ségrégation lorsque l’on baisse la température de 
croissance. 
 

 
 
 
 
 
 
Figure II.9 : Rapport 
d’intensité Ga3d/In4d mesurés 
sur un échantillon comportant 
10mc de GaAs épitaxiées à 400 
et 500°C sur GaInAs. 
 
 
 
 
 
 
 
 

 
Les interfaces différant par leurs anions 

 
 Quel est le problème ? 
 
 Contrairement au cas des interfaces à anion commun (As) avec commutation de 
cations (Ga, Al, In) dont l'élargissement est bien expliqué par des phénomènes d'échange et de 
ségrégation, aucun modèle physique ne rend compte de la formation d'interfaces différant par 
leur anion bien que celles-ci s’avèrent souvent diffuses. L'une des raisons est la difficulté 
expérimentale à commuter de façon abrupte As et P dans les techniques de croissance 
usuelles, l’autre étant la nature de l’incorporation des éléments V, intrinsèquement différente 
de celle des éléments III. Ceci rend très délicate la distinction entre effets expérimentaux 
extrinsèques et effets intrinsèques liés au système de matériaux étudié. 

 Le problème posé par les interfaces différant par leurs anions n’est pas symétrique car 
l’arsenic s’incorpore plus facilement dans une couche de phosphure que le phosphore dans 
une couche d’arséniure. C’est pourquoi nous avons surtout étudié l’interface GaInP/GaAs. La 
croissance est réalisée sur le bâti EJM à sources gazeuses pour les éléments V (AsH3, PH3), 
équipé d’une cellule à craquage thermique commune pour les 2 hydrures. Nous avons 
appliqué la méthode d’analyse angulaire des intensités XPS pour les raies P2p et As3d 
corrélée avec des mesures de photoluminescence. 
 Pour tester l’interface GaInP sur GaAs, nous avons utilisé des puits quantiques 
asymétriques comportant 19 mc de GaAs avec une barrière supérieure en GaInP et une 
barrière inférieure en AlGaAs. Sans précaution particulière quant à la commutation des gaz, le 
spectre de photoluminescence relevé à 10K montre que l’énergie de la transition optique est 
décalée de plus de 25 meV par rapport à la valeur attendue (fig. II.10). Ce décalage ne peut 
s’interpréter par une incertitude sur l’épaisseur du puits qui devrait être de plusieurs 
monocouches pour expliquer une telle différence. 
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Pour tenter d’expliquer cela par la ségrégation de l’arsenic dans GaInP , nous avons 

relevé les intensités XPS sur une interface composée de 5mc de GaInP sur GaAs à différentes 
températures de croissance (figure II.11). Aux 3 températures, le rapport expérimental 
As3d/P2p est nettement supérieur à celui calculé pour une interface abrupte, pour tous les 
angles polaires. Ceci démontre la présence d’arsenic dans la couche supérieure de GaInP. 
Nous avons alors tenté de modéliser cet excès d’arsenic par de la ségrégation en utilisant le 
modèle à l’équilibre thermodynamique avec une valeur de Es élevée, 0.4 eV. Dans ces 
conditions, l’échange est quasi-total. Les valeurs ainsi calculées sont proches de l’expérience 
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à 300°C mais nettement en-dessous de celles à 400 et 500°C. Pour ces températures, il n’est 
pas possible de rendre compte de l’évolution des intensités XPS par un modèle de ségrégation 
de l’As par rapport à P, quel qu’il soit. Nous avons alors modélisé l’interface par un modèle 
comportant différentes zones de composition constante. La figure II.12 illustre un tel profil 
pour une température de croissance de 400°C. On y voit clairement la formation d’un puits de 
GaInAsP sur 3 mc au moins. Le même effet a été observé lors de la croissance de InP sur 
GaInAs durant laquelle se forme un puits parasite d’InAsP à l’interface.  

 

 
Figure II.13 : bande de conduction, densité électronique et position des 2 premiers 
niveaux d’énergie d’une structure à modulation de dopage GaInP/InGaAs. (a) : 
structure nominale, (b) : structure à interface diffuse 
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Dans les hétérostructures à modulation de dopage GaInP/GaInAs, ce puits parasite 
piège les électrons du gaz 2D. Ceci est mis en évidence sur la figure II.13 où l’on observe que 
la densité électronique est maximale à l’endroit du puits parasite dans le cas de l’interface 
diffuse. Ceci conduit à une diminution sensible de la mobilité électronique qui ne dépasse pas 
1 500 cm2/V.s à 300 et 77K [41]. 
 
 
 Les remèdes 
 

L’incorporation d’arsenic dans le phosphure ne peut s’expliquer par un phénomène de 
ségrégation seul mais fait intervenir ce qu’il est convenu d’appeler « les effets mémoire » du 
système. Ceux-ci, dans notre cas, peuvent avoir 3 origines : 

- une pression résiduelle d’arsenic trop importante dans le bâti lors du début de 
la croissance du phosphure 

- des phénomènes de « cross-talk » au niveau de la ligne d’évent du craqueur 
d’hydrures 

- le craqueur thermique lui-même qui peut piéger l’arsenic dans des volumes 
morts. 

L’identification de la cause principale a été un travail de longue haleine et nous avons 
utilisé des parades pour mener à bien nos études avant de finaliser l’optimisation de ces 
interfaces. Ainsi, pour tenter de préciser l’effet de la ségrégation d’arsenic, nous avons utilisé 
des interfaces réalisées avec une longue interruption de croissance (plusieurs heures) de sorte 
que les effets mémoire du système soient supprimés. Dans ce cas, les intensités XPS sont très 
proches de celles attendues pour une interface abrupte et ne témoignent donc que d’une faible 
ségrégation de l’As. Le dépouillement de ces résultats conduit à une énergie de ségrégation de 
0.12 eV. Par ailleurs, on observe sur la figure II.11 que la concentration d’arsenic est plus 
faible à 500°C qu’à 400°C, ce qui est contraire à notre modèle cinétique de ségrégation. Ceci 
s’explique par la ré-évaporation de l’arsenic en surface à 500°C avec un coefficient voisin de 
0.1. Sur ces interfaces quasi-abruptes, nous avons pu mesurer l’offset de bande de valence 
entre GaInP et GaAs par photoémission [42]. Nous trouvons une valeur de 0.3 ± 0.05 eV, en 
bon accord avec les prédictions théoriques [43] et les résultats de la littérature [44]. 

Lors de la croissance de l’hétérostructure GaInP/InGaAs, un arrêt de croissance de 
plusieurs heures à l’interface n’est pas concevable. Dans ce cas, nous avons intercalé une 
couche d’AlInP à l’interface GaInP/InGaAs. Ainsi, l’incorporation d’arsenic dans le 
phosphure se fait dans AlInP et conduit à la formation du quaternaire AlInAsP, qui est encore 
un matériau grand gap : la formation d’un puits parasite est évitée. Des mesures par effet Hall 
en fonction de l’épaisseur d’AlInP intercalé ont montré un accroissement de la mobilité 
électronique jusqu’à une épaisseur de 6-8 mc. Ceci confirme le caractère diffus de l’interface 
sur au moins 2 nm. 

Après de nombreuses expériences, il s’est avéré que la cause principale 
d’incorporation de l’As dans le phosphure était un effet mémoire de la cellule à craquage 
thermique. Ceci se traduit par le fait qu’au moment de la commutation arsine/phosphine, le 
craqueur continue à envoyer de l’arsenic sur le substrat : tout se passe comme s’il fallait un 
temps de purge du craqueur au changement de gaz. Nous avons alors optimisé la procédure en 
introduisant un temps de 5 à 10 secondes pendant lequel la surface de l’arséniure est exposée 
au flux de phosphore (ou plus exactement au mélange arsenic-phosphore résultant de la purge 
du craqueur) avant de commencer la croissance du phosphure (GaInP ou InP). La figure II.14 
confirme qu’avec un temps de 10 secondes, la position du pic de photoluminescence 
correspond à celle attendue. 
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Fig. II.14 : Spectres de 
photoluminescence à 300K de 
puits asymétriques de 19 mc 
GaAs avec (trait plein) et sans 
(pointillés) anticipation de 10 
secondes. 
 
 
 
 

 
 

Surfaces d’arséniures exposées à un flux de phosphore 
 

Où une procédure de commutation nous ramène à un problème de surface 
 

Cette procédure nous a conduit à mener une étude détaillée de la réactivité des 
surfaces d’arséniures exposées à un flux de phosphore combinant RHEED, XPS et AFM. 
Nous avons considéré les deux binaires GaAs et InAs ainsi que les alliages Ga0.47In0.53As 
adapté en maille sur InP et Ga0.8In0.2As contraint en compression sur GaAs. Les surfaces ont 
été préparées pour présenter des reconstructions typiques riches As (2x4 ou 2x3) avant 
l’exposition au phosphore. Les observations RHEED et AFM ont montré que les surfaces de 
GaAs et des 2 alliages se rugosifient sous l’effet de l’exposition au phosphore alors que la 
surface d’InAs conserve son caractère bidimensionnel même pour de longues expositions 
(figure II.15).  

 
 
 
 
 
 
 
Figure II.15 : Images AFM d’une surface InAs 
(2x4) exposée 10 min. (a) et d’une surface GaAs 
(2x4) exposée 5 min (b) à un flux de phosphore à 
500°C. Les insertions montrent les diagrammes 
RHEED correspondants suivant l’azimut [110]. 
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Les mesures XPS indiquent que la quantité de phosphore incorporé pour un même 

temps d’exposition est équivalente dans les différents échantillons. Avec Catherine Priester, 
nous avons montré que cette différence de comportement entre les 2 binaires GaAs et InAs est 
reliée à la différence d’énergie élastique liée à l’incorporation du phosphore dans les 2 
matériaux [45]. 

Nous avons également mis en évidence le rôle des dimères d’anions de surface qui 
créent des sites favorables (sous les dimères) et défavorables (entre les dimères) pour 
l’incorporation de phosphore [46] (figure II.16). L’ordre induit par ces mêmes dimères dans 
les premiers plans de cations de l’alliage Ga0.47In0.53As adapté en maille sur InP permet de 
rendre compte des observations expérimentales pour cet alliage. Par contre, dans le cas de 
l’alliage Ga0.8In0.2As contraint sur GaAs, la rugosification de la surface après exposition au 
phosphore tient en partie son origine de la faible rugosité initiale induite par la croissance 
contrainte [47]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.16 : Schéma montrant l’existence de sites favorables et défavorables pour 
l’incorporation de phosphore dans le second plan d’anion pour une reconstruction (2x1) 
riche anion. Les circles pleins représentent les cations, les circles évidés les anions. Les 
cercles gris pointent les sites favorables et les croix les sites défavorables. 
 
 
 
 
 

(a) 
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Croissance contrainte 
 

Dans le cadre de l’optimisation des structures pour composants HEMT, j’ai abordé la 
croissance contrainte de l’alliage InGaAs sur InP et de l’alliage InGaP sur GaAs. 
 

Croissance contrainte d’InGaAs sur InP 
 

Dans le but d’obtenir des composants à fréquence de coupure élevée, l’utilisation 
d’une zone active en InGaAs contraint s’avère intéressante. En effet, cet alliage possède une 
dynamique de transport électronique d’autant plus favorable que le taux d’indium est élevé. 
C’est par ce biais que j’ai abordé la croissance des alliages InGaAs contraints sur InP. 

Ce sujet a suscité l’intérêt de plusieurs équipes et notamment en France, celle du 
LEOM. Ces travaux ont mis en évidence les deux modes de relaxation de contrainte 
(plastique ou élastique) en fonction de la composition. A une température de croissance 
d’environ 500°C et dans des conditions riches en arsenic, la relaxation intervient par 
formation de dislocations (plastique) pour des concentrations inférieures à 0.75-0.8. Pour des 
valeurs supérieures, la relaxation s’opère via une transition entre un mode de croissance 
bidimensionnel et un mode tridimensionnel (élastique) [48-53]. Les effets cinétiques ont 
également été soulignés. Une réduction de la température de croissance de 525°C à 450°C 
permet d’augmenter l’épaisseur critique tandis qu’une reconstruction riche cation peut 
changer le mode de relaxation à une température de croissance donnée [54]. De ces études, il 
ressort que le taux maximum d’indium compatible avec la croissance bidimensionnelle d’une 
zone active de 10 à 15 nm d’épaisseur est de 75%. 

 
Peut-on tirer parti de la cinétique ? 

 
Mon travail a consisté à examiner l’effet d’une réduction plus importante de la 

température de croissance et donc de la cinétique de surface sur la relaxation afin de dépasser 
si possible ce taux maximum de 75%. Pour ce faire, nous avons étudié la croissance d’alliages 
de composition supérieure à 75% à des températures comprises entre 350°C et 500°C. Nous 
avons utilisé des observations RHEED in situ, AFM ex-situ et avons caractérisé des 
hétérostructures InGaAs/InAlAs par effet Hall à 77 et 300K. 
 En RHEED, nous avons noté soit une rugosification du front de croissance, soit une 
nette transition 2D-3D. La figure II.17 résume les épaisseurs critiques pour l’apparition de ces 
phénomènes. 
 

 
 
Figure II.17: épaisseur critique pour 
l’apparition de la transition 2D-3D (h3D) 
ou la rugosification de surface (hr) en 
fonction du taux d’indium de l’alliage 
contraint InGaAs à différentes 
températures de croissance et pour 2 
reconstructions de surface. La valeur h3D 
à 500°C, pour comparaison, est tirée de 
la référence [54]. 
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Le résultat important et surprenant de la figure II.17 est que l’épaisseur critique à 
350°C est plus faible qu’à 400 ou 450°C (figure II.18) et se traduit par une relaxation 
élastique quel que soit le taux d’indium. Ces observations RHEED ont été confirmées par des 
images AFM et s’avèrent en contradiction totale avec ce qui est attendu de la réduction de la 
cinétique de surface avec la température de croissance.  

 
 
 
 
 
Figure II.18 : épaisseur critique en 
fonction de la température de 
croissance pour une composition 
particulière. 
 
 
 
 
 
 
 

 
L’importance de la reconstruction de surface 

 
La clé de ce paradoxe réside dans la reconstruction de surface qui, dans nos conditions de 
croissance, est de type (2x3) à 350°C alors qu’elle est de type (2x4) aux températures 
supérieures. Pour valider cette hypothèse, nous avons examiné l’effet de la reconstruction de 
surface à 350°C en modulant le flux d’arsenic de telle sorte que la surface lors de la 
croissance bidimensionnelle du film présente soit une reconstruction (2x3) très riche As, soit 
une (2x4) riche As, soit enfin une (4x2) riche cation. 

 
Figure II.19 : Images AFM d’un film d’In0.85Ga0.15As après relaxation à 350°C pour 3 
reconstructions de surface initiales et épaisseurs critiques associées. 
 
 

La figure II.19 résume les observations AFM et RHEED et démontre clairement que la 
reconstruction (2x3) très riche As favorise la transition 2D-3D. Par contre, les reconstructions 
moins riches As, voire riches cation permettent de conserver une croissance bidimensionnelle, 
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la relaxation étant alors plastique. Ceci est relié à l’énergie de surface. En effet, les surfaces 
riches As présentent davantage de liaisons pendantes sur les atomes As qui ont un coût 
énergétique inférieur aux liaisons pendantes de cations. Néanmoins, même dans le cas des 
reconstructions (2x4) et (4x2), l’épaisseur critique demeure plus faible à 350°C qu’à 400 ou 
450°C. Ceci est dû au développement d’une rugosité à petite échelle à basse température qui 
favorise la nucléation de dislocations. Dans ce cas, la limitation de la cinétique en surface est 
trop importante et a l’effet inverse de celui recherché. 
 
 Pour valider ces observations RHEED et AFM, nous avons épitaxié des 
hétérostructures InAlAs en accord de maille sur InP/InGaAs contraint et les avons caractérisé 
par effet Hall. Il s’est avéré que l’épaisseur critique pour la relaxation plastique était inférieure 
à celle déterminée par RHEED pour la rugosification de surface à 400 et 450°C. Ainsi, 
l’observation AFM de couches de 12 nm d’épaisseur d’alliages à 85% d’indium épitaxiés à 
400°C et à 82% d’indium épitaxié à 450°C révèle l’apparition des premières dislocations. 
Ceci nous a contraint à restreindre le taux maximum d’indium à 80%. Par ailleurs, à cette 
composition (x= 0.8), des mesures Hall réalisées sur une structure épitaxiée à 450°C et une 
autre à 500°C montrent que la mobilité électronique est supérieure à 500°C. Ceci est lié à 
l’inévitable incorporation d’impuretés durant l’arrêt de croissance nécessaire à la diminution 
de la température du substrat avant le canal, la couche tampon étant réalisée à 500°C. A cette 
température, des mesures de photoluminescence ont permis d’établir que le taux d’indium 
maximum avant le début de la relaxation plastique pour une épaisseur de 12 nm est de 75%, 
conformément aux études antérieures. Nous avons donc finalement obtenu nos meilleurs 
résultats pour une température de croissance de 500°C et un taux d’indium de 75%, avec des 
mobilités de 16 000 et 140 000 cm2/Vs à 300 et 77 K respectivement [55]. Ces valeurs sont 
parmi les meilleures publiées à ce jour pour ce système de matériaux. 
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Croissance des alliages InGaP contraints 
 

L’hétérojonction AlGaAs/(In)GaAs est la première à avoir été réalisée et étudiée et 
continue à susciter l’intérêt. C’est elle qui a donné lieu aux premiers composants à dopage 
modulé, de type HEMT. De ce point de vue, l’utilisation de l’alliage AlGaAs pose quelques 
problèmes technologiques, tel l’apparition de centres profonds (DX) pour des concentrations 
d’aluminium supérieures à 0.4 et son oxydation rapide à l’atmosphère ambiante. Une 
alternative possible est son remplacement par l’alliage InGaP qui permet de s’affranchir des 
problèmes de centres DX. De plus, lors des étapes technologiques, la sélectivité de gravure 
entre la couche de contact arséniée et la couche barrière en InGaP peut être mise à profit. 

Cependant, l’offset de bande de conduction entre InGaP et GaAs est assez faible (de 
l’ordre de 150 meV) et donc peu favorable au transfert électronique. L’utilisation d’alliages 
InGaP contraints en tension permettrait d’accroître le décalage de bande de conduction et 
donc le transfert électronique. Pourtant, la croissance des alliages InGaP contraints est 
beaucoup moins documentée que celle des alliages InGaAs. Il n’est cependant pas certain que 
les connaissances acquises sur les alliages InGaAs puissent être transposées directement aux 
alliages InGaP compte tenu des différences d’enthalpie de mélange et de reconstruction de 
surface entre les 2 familles. C’est pourquoi j’ai entrepris une étude de la croissance des 
alliages InGaP contraints, d’abord sur substrat GaAs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.20 : Evolution de l’épaisseur critique d’un film de InxGa1-xP épitaxié sur GaAs, en 
compression ou en tension. 
 

Le comportement observé pour une contrainte en compression (taux d’indium 
supérieur à 50%) et une température de croissance de 520°C est voisin de celui relevé pour le 
système InGaAs/InP. En effet, la relaxation de la contrainte s’opère par nucléation de 
dislocations (plastique) pour les plus faibles taux d’indium (x<0.75) puis par croissance 
tridimensionnelle pour x>0.75. Par contre, dans le cas de la contrainte en tension, la transition 
2D-3D est observée pour environ 3 monocouches déposées pour une composition en indium 
variant de 0 à 0.35 (figure II.20). Sur substrat InP, pour la même contrainte en tension (mais 
pas la même composition), ce comportement anormal n’est pas observé : il s’agit donc bien 
plutôt d’un effet de composition que d’un effet de contrainte [56]. Ces observations pourraient 
être expliquées par la décomposition spinodale de l’alliage InGaP reportée dans la littérature 
pour des compositions en indium inférieures à 50% vers 500°C [57]. Pour tester cette 
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hypothèse, nous avons abordé l’étude de la croissance de l’alliage contraint en compression 
sur GaP : cette fois, la composition est identique au cas de l’alliage contraint en tension sur 
GaAs mais la contrainte est inversée. La décomposition spinodale ne dépendant pas du signe 
de la contrainte, elle devrait également se manifester dans ce cas. Or, il n’en est rien et 
l’évolution de l’épaisseur critique en fonction du taux d’indium dans le système InGaP/GaP 
est très similaire à celle relevée pour le système InGaAs/GaAs (figure II.21). En nous 
appuyant sur des modélisations réalisées par C. Priester, nous avons montré que cette 
décomposition de l’alliage est favorisée à la fois par la contrainte en tension, la composition 
en indium (20-30%) et la ségrégation verticale et latérale de l’indium [58]. 

L’étude de la croissance sur substrat GaP s’est poursuivie avec pour but une 
comparaison avec le système InGaAs/GaAs [59]. Deux différences marquantes sont apparues. 
La première concerne la morphologie des couches pour des taux d’indium compris entre 25 et 
50% où il y a formation de structures filaires orientées suivant la direction [110] (figure II.22). 
La seconde est relative à la taille des îlots (~1 µm) observés lors de la croissance d’InP sur 
GaP (figure II.23). Nous avons expliqué ces observations grâce aux travaux récents publiés 
sur les reconstructions de surface des phosphures [60] (cf. paragraphe « reconstructions de 
surfaces »). En effet, il s’avère que GaP et InP présentent une reconstruction de surface (2x4) 
riche cation, faisant intervenir des  dimères  de cations  orientés  suivant [110], favorisant  une 
 

 
 
 
 
Figure II.21 : Comparaison de 
l’évolution de l’épaisseur critique en 
fonction du taux d’indium de l’alliage 
pour les systèmes InGaAs/GaAs et 
InGaP/GaP.  
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Figure II.22 : Image AFM d’un film de 
75Å de In0.25Ga0.75 P épitaxié à 520°C 
sur substrat GaP. 
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anisotropie de diffusion des espèces à la surface et donc le développement de structures 3D 
suivant cette direction. Par ailleurs, cette surface riche cation est caractérisée par une très forte 
mobilité des espèces, à l’origine des îlots de très grande taille. 
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Application aux hétérostructures pour composants micro-ondes 
 

Ce travail a été le fil rouge de mon activité, visant à optimiser des structures de type 
HEMT sur InP pour les composants micro-ondes de puissance ou faible bruit. Il m’a permis 
de mettre à profit les connaissances acquises lors des études présentées plus haut concernant 
notamment les phénomènes de ségrégation, les interfaces et les couches contraintes. 

 
Le double plan de dopage et la structure inversée 

A nouveau la ségrégation 
 
La réalisation de transistors HEMT de puissance sur InP est pénalisée par une 

mauvaise tenue en tension. Pour y pallier, nous avons fait le pari d’obtenir des courants 
importants à l’aide de structures à double plan de dopage. Ceci nous a conduit à aborder les 
problèmes liés à la ségrégation du dopant silicium lors de la croissance de la structure 
inversée (figure II.24). Cette ségrégation du silicium est particulièrement pénalisante puisqu’à 
 

 
 
 
Figure II.24 : Exemple de structures de type HEMT directe (a) et inverse (b). Les flèches de 
la figure (b) symbolisent la ségrégation du silicium dans le canal. 
 
 

Sans optimisation de température Avec optimisation de température   
300 K 77 K 300 K 77 K 

nH en cm-2 1.52 1012 1.95 1012 2.32 1012 2.86 1012 
µH en cm2/V.s 3850 6670 8970 25900 
 
Tableau II.I : Densité de porteurs et mobilité de Hall mesurée sur l’hétérostructure inverse (b) 
avec et sans optimisation de la température de croissance. 
 
 
la température de croissance standard pour ces structures (500-520°C), le silicium ségrége à la 
surface et s’incorpore dans le canal, réduisant de façon dramatique la mobilité des électrons. 
Nous avons mis au point une procédure de croissance qui diminue fortement la cinétique de la 
ségrégation. Elle consiste essentiellement à baisser la température du substrat vers 450°C 
durant les quelques premières monocouches de la couche espaceur, de sorte à « enterrer » les 

Contact GaInAs 5 1018/cm2 70 Å 

Barrière AlInAs nid 200 Å

Canal GaInAs nid 200 Å

Espaceur AlInAs nid 50 Å 

Tampon AlInAs nid 3000 Å

Plan de dopage 3 1012/cm2 Si 

Substrat InP SI
(b)

Contact GaInAs 5 1018/cm2 70 Å 

Barrière AlInAs nid 200 Å

Plan de dopage 5 1012/cm2 Si 

Espaceur AlInAs nid 30 Å 

Canal GaInAs nid 200 Å

Tampon AlInAs nid 3000 Å

Substrat InP SI
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atomes de silicium du plan de dopage et ainsi à en limiter la ségrégation. La température de 
croissance est ensuite rétablie aux environs de 500-520°C pour l’épitaxie de la zone active. 
Les valeurs de la mobilité électronique pour les structures directe et inverse sont alors 
comparables (cf. tableau II.I). La maîtrise acquise a permis la participation à un contrat DRET 
sur la filière InP [61]. A titre d’exemple, dans le cadre de la thèse de Frédéric Diette (équipe 
« Composants de puissance » de l'IEMN), nous avons épitaxié une structure à compensation 
de contrainte composée d’un canal InGaAs à 65% d’indium, d’une barrière InAlAs à 35% 
d’indium et de 2 plans de dopage qui a fourni des transistors dont les caractéristiques étaient à 
l'état de l'art [62,63]. En effet, à 60 GHz, nous avons obtenu une densité de puissance de 370 
mW/mm, un rendement en puissance ajoutée supérieur à 28% et un gain en puissance au-delà 
de 5dB pour un transistor à grille de 0.25 µm. 
 

Dans le cas des composants faible bruit à faible longueur de grille, le report sur des 
substrats plus isolants permet de réduire considérablement les effets de canal court. Ce thème 
a fait l’objet d’une collaboration avec le LETI en vue de réaliser des composants 
hyperfréquences sur substrat InP reportés sur substrats Si ou GaAs par collage moléculaire 
afin de pallier les problèmes relatifs à l'utilisation des substrats InP (coût, fragilité,...). Lors de 
la croissance, compte tenu de l’étape de report, la structure doit être épitaxiée inversée. Là 
encore, la difficulté majeure est de minimiser la ségrégation du silicium dans le canal et nous 
avons appliqué la même procédure que précédemment. Après collage et élimination du 
substrat, un transistor HEMT de longueur de grille 0.12 µm a été réalisé, présentant des 
fréquences de coupure ft de 185 GHz et fmax de 280 GHz, comparables à un composant non 
reporté [64]. 
 
 

Les canaux mixtes et phosphorés 
 

Où l’on retrouve les interfaces 
 

Afin de réduire l'ionisation par impact liée aux porteurs énergétiques, nous avons 
introduit des structures à canal mixte InP/InGaAs ou à canal phosphoré (InAsP ou InP). Dans 
le cas du canal mixte (thèse de Pascal Chevalier, 1998), les porteurs se déplacent d'abord dans 
l'alliage InGaAs puis, lorsqu'ils ont suffisamment d'énergie, transfèrent dans InP et perdent 
ainsi de l'énergie cinétique, ce qui réduit le phénomène d'ionisation par impact. Les mesures 
obtenues sur des structures adaptées en maille à canal mixte InP/InGaAs montrent une 
réduction d'un facteur 2 de la transconductance de sortie, ce qui confirme la diminution de 
l'ionisation par impact. Sur ces structures, à 60 GHz et pour un transistor de 0.15µm de 
longueur de grille, nous avons mesuré une densité de puissance supérieure à 350 mW/mm, un 
gain en puissance entre 5 et 6dB et un rendement en puissance ajoutée de l’ordre de 13% 
[65,66]. Ces performances sont assez comparables à la structure à double plan de dopage en 
termes de densité de puissance et de gain en puissance mais avec un simple plan de dopage. 
Le canal phosphoré (thèse de Fahrid Medjdoub, 2004) présente une tenue en tension 
nettement supérieure à celle du canal InGaAs mais est pénalisé par une dynamique des 
porteurs moins favorable, surtout pour InP. L’utilisation d’une grille courte (100 nm ou moins) 
est alors indispensable pour autoriser la montée en fréquence. Le respect des règles d’échelle 
impose alors de réduire l’épaisseur de barrière à 10 nm ou moins. Dans ce cas, le potentiel de 
surface dans les zones découvertes du fossé de grille déserte en partie le canal et déforme les 
caractéristiques IDS=f(VDS). Pour contrer cet effet, nous avons utilisé une barrière composite 
InAlAs/InP permettant de réaliser un double fossé de grille et d’éloigner la surface du canal 
tout en conservant un rapport d’aspect correct. C’est ainsi que récemment ont été réalisés des 
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transistors à grille de 100 nm présentant l’état de l’art en puissance à 94 GHz, avec une 
densité de puissance de 260 mW/mm, un gain en puissance de 5.9 dB et un rendement en 
puissance ajoutée supérieur à 10%.  
 
 

Vers des canaux à haute mobilité 
 

L’augmentation du taux d’indium de l’alliage InGaAs dans le canal permet un gain en 
dynamique des porteurs. Du point de vue de l’épitaxie, deux voies ont été explorées, utilisant 
des structures InxGa1-xAs/InyAl1-yAs pseudomorphiques ou métamorphiques sur substrat InP. 
Dans le premier cas, durant le stage de DEA de Bastien Pinsard, nous avons montré que pour 
une zone active de 12-15 nm d’épaisseur, les meilleurs résultats sont obtenus pour un taux 
d’indium de 75% (cf. paragraphe « croissance contrainte d’InGaAs sur InP »). Nous avons 
déterminé l’influence des paramètres de la structure sur la mobilité dans le canal. Nous avons 
ainsi montré que la mobilité à 77K croît avec la densité de porteurs jusqu’à des valeurs de 9 
1011/cm2, mettant ainsi en évidence l’effet collectif d’écrantage du gaz 2D. De même, la 
mobilité augmente avec l’épaisseur de l’espaceur jusqu’à une épaisseur de 20 nm, permettant 
une réduction de l’interaction coulombienne entre les porteurs et les donneurs ionisés. Grâce à 
cette optimisation, nous avons pu obtenir des mobilités de 16 000 et 140 000 cm2/Vs à 300 et 
77 K respectivement, avec une densité de porteurs correspondante de 9 1011/cm2 [55]. Ces 
valeurs sont parmi les meilleures publiées sur des structures pseudomorphiques dans ce 
système de matériaux. 

La littérature fournit quelques valeurs supérieures pour des structures métamorphiques 
que nous avons étudiées dans le cadre du DEA de Julien Lastennet. Le but visé avec de telles 
structures était la croissance d’une zone active en InAs de 10-15 nm grâce à une couche 
tampon métamorphique en InyAl1-yAs servant d’adaptation de paramètre de maille avec le 
substrat InP. Pour la croissance de la couche d’adaptation, nous nous sommes appuyés sur 
l’expérience acquise par l’équipe ces dernières années. Cependant, les matériaux utilisés 
imposent une contrainte en compression du canal InAs, d’autant plus importante que le taux 
d’indium final de la couche d’adaptation en InAlAs est faible. Ce taux ne peut pourtant pas 
être trop élevé sous peine de réduire fortement l’offset de bande de conduction et nuire au 
transfert : nous avons ainsi fixé le taux maximum d’indium de la couche métamorphique à 
80%. Dans ce cas, il s’est avéré impossible d’épitaxier un canal InAs de 10 à 15 nm 
d’épaisseur sans relaxation plastique, quelles que soient les conditions de croissance. Ceci est 
probablement dû à la rugosité inévitable de la couche métamorphique relaxée. Par contre, 
nous avons pu obtenir d’excellents résultats avec un canal mixte composé de 7 nm d’InAs 
avec de part et d’autre 4 nm de In0.8Ga0.2As. La mobilité électronique est alors de 21 500 
cm2/V.s. à 300K t 179 000 cm2/V.s. à 77K pour une densité de porteurs de 9 1011/cm2. Là 
encore, ces valeurs se situent très honorablement par rapport à la concurrence internationale. 
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3ème partie : projet de recherche 
 

Epitaxie d’hétérostructures à base d’antimoniures 
 

 
 

L'évolution future de mon activité de recherche est déjà amorcée et découle de mon 
expérience: le développement de la croissance d'hétérostructures à base de semi-conducteurs 
III-V antimoniés. 

Ce projet s'insère dans la thématique "composants rapides" du laboratoire et constitue 
une prolongation de mes activités de croissance d'hétérostructures sur InP pour composants 
micro-ondes. En effet, dans la course à la haute fréquence, l’intégration de matériaux 
antimoniés dans les hétérojonctions à modulation de dopage ou dans les transistors bipolaires 
à hétérojonction permet de franchir un pas supplémentaire. 
 
Contexte national et international 
 

C’est sans nul doute les chercheurs de Santa Barbara emmenés par le prix Nobel H. 
Kroemer qui furent les pionniers dans l’épitaxie des antimoniures dès la fin des années 1980. 
Ils démontrèrent les potentialités de l’hétérostructure AlSb/InAs avec des mobilités 
électroniques record de l’ordre de 30 000 cm2/V.s à 300K et 900 000 cm2/V.s à 4K [1-4]. 
L’équipe initiale a essaimé et actuellement, le groupe de C. Bolognesi de l’Université Simon 
Fraser au Canada est également très actif dans le domaine. Le « Naval Research Laboratory » 
(NRL) américain est également engagé fortement dans le domaine et on lui doit nombre 
d’études sur les surfaces d’antimoniures et leurs interfaces avec les arséniures [5-8]. 

Les chercheurs de Santa Barbara comme ceux du NRL ont réalisé des transistors de 
type HEMT basés sur l’hétérojonction AlSb/InAs. Pour une longueur de grille de 0.1 µm, le 
NRL atteint des fréquences de coupure fT et fMax aux environs de 200GHz [9, 10] tandis que 
pour une grille de 0.2 µm, l’équipe de Santa Barbara obtient 160 et 140 GHz respectivement 
[11]. Ces résultats sont assez décevants compte tenu des propriétés remarquables de 
l’hétérostructure AlSb/InAs : grande discontinuité de bande de conduction (1.35 eV) et 
mobilité électronique très élevée dans InAs. Ceci s’explique essentiellement par les 
phénomènes d’ionisation par impact dans le canal InAs à petit gap mais aussi par les 
difficultés technologiques (contacts,…) rencontrées avec les antimoniures : la technologie est 
beaucoup moins mature que celle sur substrat GaAs ou InP. Par ailleurs, les composants 
étudiés sont épitaxiés sur substrat GaAs avec une couche tampon métamorphique pour 
adapter le paramètre de maille : l’influence d’une forte densité de dislocations émergentes 
dans la zone active doit également être considérée. 

L’utilisation de l’antimoine dans la base de transistors à hétérojonction a permis une 
avancée significative. En effet, en utilisant comme matériau de base un alliage GaAsSb en 
accord de maille sur InP, C.Bolognesi et al. ont montré que l'on peut atteindre des fréquences 
de coupure voisines de 300 GHz sans technologie complexe, valorisant ainsi l'apport des 
antimoniures dans la structure TBH sur InP [12]. Ces performances n’avaient été atteintes 
précédemment par M. Rodwell et al. qu’au prix d’une technologie complexe impliquant 
notamment une étape de report [13]. Par rapport à une base en InGaAs, la base en GaAsSb 
améliore le blocage des trous à la jonction émetteur-base et surtout favorise l’injection des 
électrons à la jonction base-collecteur (figure III.1). 
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Figure III.1 : schéma des bandes de valence et de conduction le long d’un HBT à base 
InGaAs ou GaAsSb sans polarisation (d’après C. Bolognesi et al.) 
 
 Enfin, il faut souligner la réalisation au début des années 1990 d’une diode à effet 
Tunnel résonnant à double barrière AlSb par les chercheurs du MIT présentant une fréquence 
maximum d’oscillation de 712GHz constituant encore aujourd’hui le record en la matière [14]. 
 
 En France, les principaux laboratoires impliqués dans la croissance d’antimoniures par 
EJM sont le CEM2 à Montpellier, le LPN à Marcoussis et le laboratoire de recherche de 
Thalès à Corbeville. Les applications visées sont essentiellement optoélectroniques, dans 
l’infra-rouge. Par ailleurs, des industriels tel OMMIC à Limeil-Brévannes s’intéressent 
fortement aux structures HBT à base antimoniée. 
 
 
Le projet : hétérostructures antimoniées pour électronique très rapide 
 

Les éléments présentés ci-dessus tendent à prouver que le futur de la montée en 
fréquence passe par l’utilisation des matériaux antimoniés. Plus récemment, des sociétés telle 
Intel ont également montré l’intérêt des antimoniures pour réduire la puissance dissipée dans 
les futurs dispositifs [15,16]. Au niveau national, aucun laboratoire universitaire n’est 
fortement impliqué dans la recherche sur les composants rapides à base d’antimoine. Compte 
tenu de l’expérience de l’IEMN dans ce domaine, il apparaît donc naturel qu’il entreprenne un 
programme d’élaboration d’hétérostructures pour des composants haute fréquence utilisant 
l’antimoine. 

Ce programme abordera les structures à modulation de dopage, les TBH et s’appuiera 
sur des études plus fondamentales liées à la croissance. 
 

Hétérostructures à dopage modulé 
 

Ces hétérostructures visent d’abord la fabrication de transistors de type HEMT à canal 
InAs. Comme il a été mentionné plus haut, la structure métamorphique InxGa1-xAs/InyAl1-yAs 

D’ 

E B CE B C

InP/GaAsSb/InP

InP/InGaAs/InP
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demeure délicate à mettre en œuvre et présente d’importantes limitations en terme notamment 
d’offset de bande de conduction. Aussi, pour s’affranchir de ces limitations, de la contrainte et 
permettre l'utilisation d'InAs dans la zone active, l'emploi d'antimoniures comme matériau de 
barrière est incontournable. 

L’hétérojonction AlSb/InAs présente la plus importante discontinuité de bande de 
conduction (1.35 eV) parmi les semi-conducteurs III-V, très favorable au transfert 
électronique. Le canal InAs permet quant à lui d’atteindre des mobilités électroniques élevées 
grâce à la faible masse effective des électrons dans InAs (0.025 m0). Cependant, la faible 
bande interdite d’InAs associée à l’hétérojonction AlSb/InAs de type II conduit à une 
importante concentration de trous, non confinés dans le canal, générés par ionisation par 
impact. Ces trous participent alors à un courant de grille et à une charge positive du substrat, 2 
phénomènes parasites du fonctionnement du transistor HEMT. 

Nous nous proposons donc de développer des solutions permettant de réduire 
l’ionisation par impact et d’améliorer le confinement des trous créés dans le canal. Les 
premières sont basées sur des canaux mixtes alliant InAs à un alliage de plus grande bande 
interdite. Cette approche a déjà été expérimentée par le groupe de Santa Barbara avec des 
canaux mixtes InAs/InAlAs [17] et InAs/InAsP [18]. Des composants ont été réalisés et ont 
démontré une amélioration par rapport à ceux à canal InAs, notamment du point de vue de 
l’ionisation par impact. Les longueurs de grille utilisées étaient relativement longues (0.5 et 
0.7 µm) et ne permettent pas de juger des performances ultimes de ce type de composants. 
Nous nous proposons de continuer dans cette voie avec des longueurs de grille de 0.1 µm ou 
moins pour explorer les potentialités de cette approche. L’amelioration du confinement des 
trous passe par l’utilisation d’alliages Al(Ga)AsxSb1-x comme matériau de couche tampon et 
de barrière afin que l’hétérojonction Al(Ga)AsxSb1-x/InAs soit de type I. Des premiers pas en 
ce sens ont été entrepris par les chercheurs de Santa Barbara avec l’insertion d’une couche d 
AlAsxSb1-x dans la barrière [19] mais en gardant AlSb comme couche tampon, la collection 
du courant de trous vers le substrat se faisant par une grille arrière [20]. Le retour à une 
hétérostructure de type I nous paraît préférable et les excellents résultats obtenus par les 
chercheurs d’Intel sur l’hétérojonction AlInSb/InSb (de type I) [15,16], malgré la très faible 
bande inerdite d’InSb (∼0.2 eV), nous encouragent en ce sens.   

Enfin, les structures à dopage modulé peuvent également déboucher sur des aspects 
plus originaux comme les composants balistiques. L’émergence des structures balistiques 
vient du rapprochement des longueurs maintenant technologiquement accessibles, de l’ordre 
de 100 nm, et du libre parcours moyen des électrons entre deux collisions à température 
ambiante dans certains matériaux. C'est le cas des alliages InGaAs, d'autant plus que le taux 
d'In est élevé, le meilleur candidat étant InAs. Dans le cadre du projet européen Nanotera [21], 
le laboratoire a déjà entrepris une action sur ces structures à base d'alliages InGaAs sur 
substrat InP. 
 

Le transistor bipolaire à hétérojonction 
 

Les résultats récents sur les transistors TBH à base GaAsSb en font un candidat de 
choix pour la montée en fréquence. Notre travail portera dans un premier temps sur 
l’optimisation de la structure à double hétérojonction InP/GaAsSb/InP. Nous nous appuierons 
sur l’expérience acquise au laboratoire dans la réalisation de TBH InP/InGaAs/InP ces 
dernières années [22,23]. Puis, à plus long terme, le degré de liberté supplémentaire apporté 
par l’antimoine dans l'ingénierie des structures de bandes permet d'envisager la réalisation de 
TBH dans une filière 6.1Å, c'est-à-dire adaptée en maille à GaSb.  
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Les études liées à la croissance 
 

Comme tout au long de mon activité passée, les objectifs finalisés décrits ci-dessus 
reposeront sur des études plus fondamentales. D’ores et déjà, j’identifie 3 pistes principales. 

 
Les couches tampon métamorphiques 
 
La première est l’élaboration de couches tampons métamorphiques isolantes, 

nécessaires à la croissance de structures pour composants. En effet, il n’existe ni substrats 
GaSb, ni a fortiori de substrats InAs semi isolants. Il est donc nécessaire d’utiliser des 
substrats GaAs ou InP semi isolants sur lesquels il faut épitaxier une couche tampon, 
typiquement en Al(Ga)AsxSb1-x, isolante électriquement et qui permette l’adaptation du 
paramètre de maille entre le substrat et la zone active [4, 24, 25]. Pour ce faire, je m’appuierai 
sur l’expérience de l’équipe « Epitaxie » acquise lors de la croissance métamorphique sur 
substrats GaAs et InP [26, 27]. Néanmoins, la croissance métamorphique des alliages 
InGa(Al)As sur GaAs ou InP repose exclusivement sur des gradients de composition en 
éléments III (Ga-In ou Al-In) alors que dans le cas des antimoniés, ces gradients concernent 
les éléments V As et Sb. La tache sera plus ardue car l’incorporation respective de As et Sb 
dépend des conditions de croissance, ce qui n’est pas le cas pour les éléments III pour lesquels 
le coefficient de collage est toujours 1. Une étude préalable de l’incorporation de As et Sb en 
fonction des conditions de croissance (température de croissance, rapport des flux V/III) sera 
donc nécessaire et pourra bénéficier utilement des résultats déjà obtenus par l’équipe de 
Thalès [28]. D’un point de vue expérimental, cela nécessite un contrôle précis des flux 
d’éléments V qui exige l’utilisation de cellules à vanne. 

 
Le dopage n utilisant le tellure 
 
Le second aspect à maîtriser est le dopage de type n des antimoniures qui n’est pas 

possible directement avec le silicium. Deux solutions existent. La première consiste à 
épitaxier des barrières sous forme de super-réseaux AlSb/InAs à courte période dans lesquels 
le dopage se fait grâce au silicium dans la couche InAs [29]. La seconde nécessite l’emploi du 
tellure. Pour ce faire, des sources binaires tel GaTe sont préférées car ces matériaux 
présentent une pression de vapeur beaucoup plus faible que le tellure élémentaire et sont donc 
plus compatibles avec l’environnement EJM [30]. Le tellure a été également utilisé comme 
surfactant lors de la croissance contrainte d’alliages InGaAs par exemple [31], dans laquelle 
est mise à profit sa tendance à ségréger en surface. Dans le cas du dopage, il me faudra au 
contraire travailler pour limiter au maximum cette ségrégation. 

 
Où l’on retrouve les interfaces et les surfaces 
 
Le troisième sujet d’étude à aborder est le contrôle des interfaces 

arséniures/antimoniures et phosphures/antimoniures. Les chercheurs du laboratoire de 
recherche de Thalès ainsi que ceux de l’université de Montpellier ont déjà travaillé sur ce 
sujet dans le cadre d’applications optiques [32,33]. Il me faudra reprendre ce sujet en visant 
une optimisation pour des composants électroniques. Ce point est particulièrement délicat 
puisque dans les applications envisagées, il y a à la fois commutation d’anions et de cations 
aux interfaces, InP/GaAsSb pour les transistors bipolaires à hétérojonction et AlSb/InAs pour 
les hétérostructures à dopage modulé. L’effet de la séquence de commutation aux interfaces 
sur les propriétés électroniques a été très tôt mis en évidence par le groupe de Santa Barbara 
[34] et demeure un sujet d’actualité [35,36]. Je bénéficierai de notre expérience passée de 
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l’étude des interfaces arséniures/phosphures et de l’ensemble expérimental de l’IEMN 
disposant d’un système d’analyse de surfaces couplé aux bâtis EJM. 

Enfin, poursuivant mon investigation de l’influence des reconstructions de surface sur 
la croissance des matériaux, je m’attacherai à mener une étude des reconstructions de surface 
spécifiques aux antimoniures car elles sont de loin moins bien documentées que celles des 
arséniures ou phosphures. Les travaux antérieurs indiquent que les reconstructions 
rencontrées sur AlSb sont assez voisines de celles observées sur AlAs, à savoir une c(4x4) 
pour les surfaces riches Sb puis une (1x3). Par contre, les reconstructions observées sur GaSb 
sont très différentes de celles de GaAs puisque lorsque le taux de couverture en Sb de la 
surface diminue, apparaissent successivement une (2x5), une (1x5) puis une c(2x6) et enfin 
une (1x3) [37-40]. Ces reconstructions ont fait l’objet d’études RHEED et STM mais ont 
donné lieu à assez peu d’analyses par photoémission [41,42]. C’est ce type de travaux que je 
pourrai développer en tirant partie de l’ensemble expérimental de l’IEMN. 
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Conclusion 

 
 

Durant ces 17 années, j’ai abordé différents thèmes de recherche et bénéficié du 
contexte favorable de l’IEMN. Après des débuts consacrés à l’étude des siliciures, mon 
activité s’est rapidement centrée sur l’épitaxie par jets moléculaires d’hétérostructures de 
semi-conducteurs III-V. 

Ma contribution principale a porté sur les surfaces des semi-conducteurs phosphorés 
GaP et InP, les phénomènes d’échange et de ségrégation, les interfaces arséniés/phosphorés et 
la croissance contrainte d’alliages InGaP. Tout au long de ce travail, j’ai cherché à corréler les 
résultats de différentes techniques de caractérisation avec une attention particulière portée à la 
spectroscopie de photoélectrons, tirant ainsi partie du dispositif expérimental de l’IEMN. Le 
développement de la spectroscopie de photoélectrons a par ailleurs donné lieu à de 
nombreuses collaborations tant à l’intérieur de l’IEMN, au sein du groupe « Physique » et des 
groupes impliqués en technologie, qu’à l’extérieur. Grâce aux multiples compétences réunies 
à l’IEMN, j’ai pu allier cette recherche dite « amont » sur les matériaux à une recherche plus 
« appliquée » destinée aux composants. Cette interaction avec les équipes « composants », 
l’aller-retour incessant amont-aval et les collaborations qu’ils impliquent m’ont permis de 
contribuer à l’obtention de résultats significatifs dans le domaine des composants. 

C’est cette approche que je souhaite continuer à développer dans mon projet de 
croissance d’hétérostructures antimoniées pour applications microélectroniques. Même s’il 
existe déjà des études sur ce sujet, les propriétés des antimoniures et de leurs interfaces 
demeurent bien moins connues que celles des arséniures et phosphures. Le champ 
d’investigation est vaste : propriétés des surfaces, des interfaces, croissance pseudo et 
métamorphique….La réussite de ce projet passera donc par une collaboration avec les groupes 
« Physique » et « Compsants » de l’IEMN ainsi qu’avec les équipes nationales déjà engagées 
dans des travaux sur les antimoniures. 
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4ème partie 
 

Autres activités 
 

Enseignement 
 

J’ai dispensé mon enseignement à l’Institut Supérieur d’Electronique et du Numérique 
(ISEN) à Lille, en 1ère et 2ème années de cycle Ingénieur (niveau 2ème cycle universitaire). 
 

1985-1988 : Travaux dirigés de Mécanique Quantique 
1988-1991 : Travaux dirigés de Mécanique Quantique 

         Travaux dirigés de Physique du solide 
1991-2000 : Cours de Mécanique Quantique 

        Travaux dirigés de Mécanique Quantique 
        Travaux dirigés de Physique du solide 

2001-2004 : Cours de Mécanique Quantique 
        Travaux dirigés de Mécanique Quantique et de Physique du Solide 
        Cours et Travaux Pratiques d’analyse de surfaces 
        Cours sur l’élaboration d’hétérostructures de semi-conducteurs par 
        Epitaxie par Jets Moléculaires 

 
 
Encadrement 
 

Diplôme d’Etudes Approfondies 
 

• Claude TETELIN 
Etude de la formation d'interfaces ytterbium-silicium (111) et siliciures d'ytterbium-silicium 
par spectroscopie et diffraction d'électrons, DEA de Sciences des Matériaux, LilleI, juillet 
1991 

• Olivier DEHAESE  
Caractérisation de siliciures de fer obtenus par coévaporation, DEA de Sciences des 
Matériaux, Université des Sciences et Technologies de Lille I, juillet 1992 

• Bouchta LAYATI 
Croissance du GaInAs et de l’AlInAs sur InP par épitaxie par jets moléculaires, DEA 
d’Electronique, Université des Sciences et Technologies de Lille I, juillet 1992 

• Emmanuelle DERON 
Analyse de profils Auger lors de l’oxydation plasma d’alliages SiGe, DEA de Sciences des 
Matériaux, Université des Sciences et Technologies de Lille I, juillet 1994. 

• Serge ROSCISZEWSKI 
Etude de l’oxyde formé par oxydation assistée par plasma d’alliages SiGe, DEA de Sciences 
des Matériaux, Université des Sciences et Technologies de Lille I, juillet 1996. 

• Thomas GEHIN 
Etude et optimisation de l’interface entre semiconducteurs III-V phosphorés et arséniés 
épitaxiés par jets moléculaires, DEA de Sciences des Matériaux, Université des Sciences et 
Technologies de Lille I, juillet 2000. 
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• Sébastien DHELLEMMES 
Etude des surfaces de semi-conducteurs phosphorés par spectroscopie de photoélectrons, 
DEA de Sciences des Matériaux, Université des Sciences et Technologies de Lille I, juillet 
2002. 

• Bastien PINSARD 
Croissance d’hétérostructures de semi-conducteurs III-V pour composants balistiques, 
Université des Sciences et Technologies de Lille I, juin 2003. 

• Julien LASTENNET 
Croissance d’hétérostructures de semi-conducteurs III-V à canal InAs pour composants 
balistiques, Université des Sciences et Technologies de Lille I, en cours 
 
 

Participation à l’encadrement de thèses 
 

• Hong Sheng ZENG 
Etude de la formation de films minces de siliciures de fer par spectroscopies d'électrons, 
spécialité Sciences des Matériaux, Université des Sciences et Technologies de Lille I, octobre 
1991. 

• Claude TETELIN 
Oxydation basse température assistée par plasma des alliages silicium-germanium, spécialité 
Sciences des Matériaux, Université des Sciences et Technologies de Lille I, mars 1996. 

• Bouchta LAYATI 
Contribution à l’étude d’hétérostructures AlInAs/GaInAs épitaxiées par jets moléculaires sur 
substrats InP, spécialité Electronique, Université des Sciences et Technologies de Lille I, 
décembre 1996. 

• Olivier DEHAESE 
Contribution à l'étude d'interfaces de semiconducteurs III-V par spectroscopies de 
photoélectrons : cas de l'interface GaAs-GaInP, spécialité Sciences des Matériaux, Université 
des Sciences et Technologies de Lille I, juillet 1997. 

• Thomas GEHIN (co-directeur) 
Mise en œuvre de l’épitaxie par jets moléculaires pour la croissance de diamant 
monocristallin, spécialité Sciences des Matériaux, Université des Sciences et Technologies de 
Lille I, décembre 2004. 

• Sébastien DHELLEMMES (co-directeur) 
Epitaxie par jets moléculaires à grande échelle de semi-conducteurs phosphorés, en cours. 
 
 

Participation à des jurys de thèse 
 

• Hong Sheng ZENG 
Etude de la formation de films minces de siliciures de fer par spectroscopies d'électrons, 
spécialité Siences des Matériaux, Université des Sciences et Technologies de Lille I, octobre 
1991 

• Jean-Marc ROGEZ 
Caractérisation électrique d’hétérostructures III-V, étude de l’influence de défauts 
d’irradiation et d’interface, spécialité Siences des Matériaux, Université des Sciences et 
Technologies de Lille I, octobre 1993 
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• Claude TETELIN 
Oxydation basse température assistée par plasma des alliages silicium-germanium, spécialité 
Siences des Matériaux, Université des Sciences et Technologies de Lille I, mars 1996 

• Bouchta LAYATI 
Contribution à l’étude d’hétérostructures AlInAs/GaInAs épitaxiées par jets moléculaires sur 
substrats InP, spécialité Electronique, Université des Sciences et Technologies de Lille I, 
décembre 1996 

• Olivier DEHAESE 
Contribution à l'étude d'interfaces de semiconducteurs III-V par spectroscopies de 
photoélectrons : cas de l'interface GaAs-GaInP, spécialité Siences des Matériaux, Université 
des Sciences et Technologies de Lille I, juillet 1997 

• Frédéric DIETTE 
Etude des transistors à effet de champ de type HEMT sur substrat GaAs et InP pour 
l’amplification de puissance en gamme millimétrique, spécialité Electronique, Université des 
Sciences et Technologies de Lille I, janvier 1998 

• Pascal CHEVALIER 
Conception et réalisation de transistors à effet de champ de la filière AlInAs/GaInAs sur 
substrat InP. Application à l’amplification faible bruit en ondes millimétriques, spécialité 
Electronique, Université des Sciences et Technologies de Lille I, novembre 1998 

• Fahrid MEDJDOUB 
spécialité Electronique, Université des Sciences et Technologies de Lille I, décembre 2004 

• Thomas GEHIN 
Mise en œuvre de l’épitaxie par jets moléculaires pour la croissance de diamant 
monocristallin, spécialité Sciences des Matériaux, Université des Sciences et Technologies de 
Lille I, décembre 2004. 
 
 
Organisation de conférences 
 

• Participation à l’organisation de la 15ème European Conference on Surface 
Science, Lille, septembre 1995 – responsable de l’exposition de matériel 
scientifique. 

• Participation à l’organisation des Journées Surfaces et Interfaces 2003, Villeneuve 
d’Ascq, janvier 2003. 

• Participation à l’organisation du Congrès général de la Société Française de 
Physique, Lille, septembre 2005 – responsable de l’exposition de matériel 
scientifique. 

 
 
Valorisation 
 

• Contrat MRT N° 90 S 0248 
Photodétecteur intégrable en siliciure de fer - épitaxie sur silicium, 
Caractérisation par spectroscopie Auger de couches de siliciures obtenues de fer obtenues par 
épitaxie en phase solide et par dépôt en phase vapeur aux organométalliques 
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Epitaxie d’hétérostructures à base de semi-conducteurs III-V 
L’expérience acquise dans ce domaine m’a permis de participer à divers contrats ayant 

pour objet la réalisation de transistors ou de circuits micro-ondes. 
 

• Contrat DRET91/113 
Etude prospective des potentialités de transistors à effet de champ à base de GaInAs sur InP, 

• Contrats DGA 94-160 et 97-057 
Transistors des filières InP, Métamorphiques et phosphure 

• Contrat européen Nano-Tera IST-2001-32517 
Ballistic Nanodevices for Terahertz Data Processing 
 
 
Caractérisation XPS 
 

• Programme Matériaux CNRS, appel d’offres 1998 
Films moléculaires greffés directement sur silicium : fonctionnalisation et nanostructuration  

• Projet européen SODAMOS IST-2000-26475 
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Kinetic model of element III segregation during molecular beam epitaxy
of III-III 8-V semiconductor compounds

O. Dehaese, X. Wallart, and F. Mollot
Institut d’Electronique et de Microelectronique du Nord, CNRS-U.M.R. 9929, Avenue Poincare´, BP 59,
59652 Villeneuve d’Ascq Cedex, France

~Received 25 July 1994; accepted for publication 25 October 1994!

Segregation of column III atoms during molecular beam epitaxy of III-III8-V semiconductor
compounds causes nonabrupt interfaces and a surface composition different from the bulk one. To
derive concentration profiles, a thermodynamical equilibrium model has been used for a long time.
This model applies well to describe segregation processes at high growth temperatures, but fails in
predicting concentration profile variations with substrate temperature. We have thus developed a
kinetic model which correctly takes into account the evolution with the growth temperature. We
apply this model to the case of indium segregation in the GaxIn12xAs/GaAs system. The calculated
indium concentration profiles are compared to those obtained with the thermodynamical equilibrium
model. A kinetic limitation of segregation is shown to appear at low substrate temperatures and
sufficiently high growth rates. This limitation is predicted to arise below 400 °C for a growth rate
of 1 monolayer/s for In segregation in the GaxIn12xAs/GaAs system. ©1995 American Institute
of Physics.
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Advances in growth techniques, such as molecular be
epitaxy ~MBE! have allowed high quality materials with
complex structures, like quantum wells or superlattices to
built. These structures require formation of abrupt interfac
between different semiconductor compounds. But the perf
tion of such heterostructures is limited by physical effec
and particularly by surface segregation driven by bindi
and elastic energy differences.1 Systems such as GaInAs
AlInAs, GaInP, or AlInP on InP or SiGe on Si are likely to
present, respectively, In or Ge segregation. In the most s
ied AlxGa12xAs/GaAs system, Ga surface segregation is
lated to a surface roughness increase.2–4

In the case of GaxIn12xAs grown on GaAs by MBE, In
segregates to the growing surface, resulting in a grad
composition of the interface and an In surface enrichme
The indium surface concentration is not zero even after
deposition of several GaAs monolayers~ML ! on InAs. These
experimental results have been obtained first by surface s
sitive techniques: Auger electron spectroscopy, x-ray or
traviolet photoemission spectroscopy~XPS, UPS!.1,5,6 Other
analysis techniques such as reflection high energy elec
diffraction ~RHEED!7 or photoluminescence~PL!8,9 of quan-
tum wells have led to similar results. More recently, the
concentration profile of a MBE grown nominally GaAs/80
Ga0.8In0.2As/GaAs quantum well was derived by Zhen
et al.10 using cross-sectional scanning tunneling microsco
It evidences the broadening of interfaces due to In surfa
segregation.

Except for this last technique, all others need a theor
cal model of segregation to build concentration profiles.
this aim a thermodynamical equilibrium model of surfac
segregation has been proposed referring to metallurg
science.11,12 This thermodynamical model well describe
concentration profiles at high growth temperatures, but fa
in predicting profile variations with substrate temperatur
Thus we have developed a kinetic model which allows us
take into account the evolution of concentration profiles w
growth parameters. In anM -N alloy whereN is segregating
52 Appl. Phys. Lett. 66 (1), 2 January 1995 0003-69
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to the surface, the bulk composition is different from th
surface one. According to McLean,11 the thermodynamical
equilibrium stems from the balance of surface and bu
chemical potentials and can be represented by a chem
equilibrium equation

Nb1Ms↔Ns1Mb . ~1!

Surface and bulk composition are linked by

Xs~12Xb!

Xb~12Xs!
5exp S Es

kTD , ~2!

whereT is the absolute temperature,k is the Boltzmann con-
stant,Xs andXb are the concentrations ofN in the surface
and bulk phases, andEs is the difference between bulk and
surface free energy.

In metallurgical science, atomic motions in alloys ar
due to diffusion during high temperature anneals. But grow
temperatures for MBE of III-V semiconductors are general
lower and bulk diffusion is not operative.1,13 Thus atomic
rearrangements leading to segregation during epitaxy are s
face or near-surface processes. They can be seen as an
change reaction between substrate or epilayer atoms and
pinging ones. The surface phase is defined as the last M
grown and the bulk phase as the previous one. In the case
GaxIn12xAs/GaAs which we have chosen to illustrate th
models presented in this letter, exchange occurs between
and In atoms in these two ML. If we denoteXs(n) and
Xb(n) the concentration of In, respectively, in the surfac
and bulk phases after completion of thenth ML, the In mass
conservation gives

Xs~n!1Xb~n!5Xs~n21!1Xf , ~3!

whereXf is the nominal In mole fraction in the incident flux.
A combination of Eqs.~2! and~3! allows us to build layer by
layer the In concentration profile assuming thatXb is frozen
as soon as the completion of the surface ML is achieved. T
‘‘segregation energy,’’Es is the single parameter of the
model.
51/95/66(1)/52/3/$6.00 © 1995 American Institute of Physics
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With a substrate temperature of'500 °C where In re-
evaporation is negligible, a growth rate of'1 ML/s and
Es50.2 eV, calculated In concentration profiles o
GaxIn12xAs on GaAs are in accordance with experimen
measurements of In surface enrichment by XPS,1 UPS,6 or
RHEED.7 The failure of this thermodynamical model ap
pears when changing the substrate temperature. When
segregates at the surface,Xs.Xb and considering Eq.~2!, it
implies thatEs.0. The thermodynamical model predicts a
increase of segregation because of the term exp[Es/(kT)]
when decreasing the temperature. On the contrary, exp
mental results show a decrease of In segregation with te
perature. For example, Lariveet al.have measured the inten
sity ratio of In 4d/Ga 3d core-level spectra obtained by UP
for 18 ML of Ga0.8In0.2As grown at various temperatures o
GaAs substrate.6 This ratio which is a picture of surface
composition, ranges from 1.73 at 490 °C to 2.22 at 560
which could be compared to its theoretical value of 0.
without In surface segregation. This experiment shows
ambiguously the increase of segregation with temperatu
The same trend is observed for Ga segregation in GaAlA3

In the case of GaxIn12xAs it seems that the assumptio
of thermodynamical equilibrium is no longer valid below
500 °C for a usual growth rate~'1 ML/s!. Thus, we have
developed a kinetic model of exchange processes. Such
approach was first used by Harriset al.14 in the case of Sn
segregation in GaAs and by Niet al.15 for Sb-ion implanta-
tion in Si. The difference with In segregation is that Sn or S
are dopants. Their concentrations in GaAs or Si are order
magnitude smaller than that of In in GaxIn12xAs. Thus in the
exchange process, dopants always find a free site in the
face phase which is not automatically the case for In atom
This difference causes a noticeable change in the evolu
equation of the In surface concentration which, opposite
Ref. 14, is no longer a first-order differential equation.

The kinetic model is well illustrated by a configuratio
diagram~Fig. 1! with E being the free energy of the system
andq a configuration coordinate. The distance between
energy minima is roughly the ML thickness. Note thatEs is
the ‘‘segregation energy’’ of the equilibrium model. The e
change process is achieved by overcoming an energy ba
E1 with a rate

FIG. 1. Configuration diagram for In/Ga exchange process.
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P15n1 exp S 2E1

kT D ,
wheren1 is a vibration frequency. The reverse exchange
also possible but needs to pass over anE25E11Es energy
barrier and has a rate

P25n2 exp S 2E2

kT D .
If we make the assumption that segregation is only due to
exchange process, the evolution of the number of In surf
atoms is given by the balance of incoming and leaving
atoms

dXIn s~ t !

dt
5f In1P1XIn b~ t !XGa s~ t !2P2XIn s~ t !XGab~ t !,

~4!

wherefIn is the impinging In flux in ML/s and theXi(t) are
time-dependent quantities expressed in fractions of ML. D
ing a time intervaldt, the number of In atoms coming in the
surface layer is the sum of the impinging In flux and theP1
rate weighted by the number of exchange possibilities wh
is simply taken as the productXIn b(t) XGa s(t). In the same
way, the reverse exchange results in a number of In ato
leaving the surface phase given byP2XIn s(t) XGab(t). In
addition the conservation of In and total surface atom nu
bers at timet, respectively, leads to

XIn s~ t !1XIn b~ t !5XIn s~0!1XIn b~0!1f Int, ~5!

XIn s~ t !1XGa s~ t !5XIn s~0!1XGa s~0!1~f In1fGa!t. ~6!

Combination of Eqs.~4!–~6! allows us to obtain a differen-
tial equation forXIn s(t). The In concentration profile is then
built by numerically solving this equation.

The vibration frequenciesn1 andn2 are a combination of
surface and bulk lattice vibration frequencies. We have tak
n15n251013 s21 which seems to be a reasonable value.15At
high substrate temperature, the ratesP1 andP2 become suf-
ficiently high to yield the flux term negligible with respect t
exchange terms in Eq.~4!. Then the stationary state of th
system, i.e.,dXIn s(t)/dt 5 0 is described by

P1XIn b~ t ! XGa s~ t !5P2XIn s~ t ! XGab~ t !

which is the same as Eq.~2!. It evidences that at high tem
perature the kinetic model is equivalent to the thermod
namical one. Thus for the system GaxIn12xAs/GaAs we ex-
pect the value ofEs50.2 eV ~Refs. 1, 6, and 7! deduced
from experiments in this condition (T>500 °C! to be cor-
rect. Since the exchange process corresponds to an ato
motion of In and Ga atoms, the energy barrierE1 must be of
the order of element III binding energies in arsenide co
pounds, i.e., between 1.4 and 2 eV.1

Surface segregation limits the formation of abrupt inte
faces. Figure 2~a! presents calculated In concentration pr
files which show segregation induced broadening of t
Ga0.8In0.2As on GaAs interface grown at two different tem
peratures. Because of segregation effects InAs in Ga
quantum wells are different from nominal ones@Fig. 2~b!#.
53Dehaese, Wallart, and Mollot
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True profiles had to be taken into account in determini
transition energies for PL.8,9 Indium concentration profiles of
Fig. 2 have been obtained with the kinetic model for a
ML/s growth rate,Es50.2 eV andE151.8 eV. At high tem-
peratures~above 500 °C!, these profiles are quite identical t
that obtained in similar experimental conditions with th
thermodynamical equilibrium model. The assumption
thermodynamical equilibrium seems to be correct for t
GaxIn12xAs/GaAs system at 500 °C as pointed out prev
ously. But when decreasing the substrate temperature with
any variation of growth rate, the flux term is no longer ne
ligible with respect to exchange ones in Eq.~4!. There is a
kinetic limitation of segregation at 400 °C. The evolutio
with temperature of In concentration profiles as derived
the kinetic model~Fig. 2! is then consistent with experimen
tal results.6,9

Moreover the kinetic model is able to predict variation
of In segregation with growth rates. Such an effect is qu
nonexistent at 500 °C@Fig. 3~a!# because with usual MBE
growth rates~0.1–1 ML/s! exchange terms are always muc
greater than flux ones. The system is near thermodynam
equilibrium and In concentration profiles are weakly sen
tive to growth rate variations. At 400 °C and with a grow
rate of 1 ML/s, fluxes and exchange terms are in the sa
order of magnitude resulting in a kinetic limitation of In
segregation. To recover near-equilibrium conditions t
growth rate needs to be lowered to less than 0.1 ML/s@Fig.
3~b!#.

In conclusion, we have developed a kinetic model
element III segregation during growth of ternary semico
ductor compounds. Making the assumption of an excha
process limited to the two uppermost ML of the growin
sample, this model accounts for the increase of segrega
with substrate temperature in accordance with experimen

FIG. 2. Indium concentration profile evolution with temperature, grow
rate 1 ML/s~a! 20 ML Ga0.8In0.2As on GaAs,~b! 10 ML GaAs/2 ML InAs/
GaAs.
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This was not the case for the thermodynamical equilibriu
model. Due to its kinetic form, this model predicts variation
of concentration profiles with the growth rate. In summar
our model allows us to define two modes of element
segregation: a near thermodynamical one and a kinetic
limited one. In the case of In segregation in th
GaxIn12xAs/GaAs system, near thermodynamical equili
rium is reached at 500 °C for usual MBE growth rate and
400 °C for low growth rate~,0.1 ML/s!. However at
400 °C, our model predicts a kinetic limitation of In segre
gation for a growth rate of 1 ML/s.

We thank C. Priester for fruitful discussions and J. Ma
sies for invaluable encouragement.
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Hall measurements performed on Ga0.50In0.50P/In0.20Ga0.80As structures show abnormally low
mobility both at room temperature and at 77 K, and too high electron densities which cannot be
attributed to a normal two-dimensional electron gas in the channel. On the other hand, low
temperature photoluminescence on asymmetrical AlGaAs/GaAs/GaInP quantum wells and x-ray
photoemission spectroscopy measurements reveal the presence of arsenic atoms in the GaInP
barrier. Using a one-dimensional Schro¨dinger–Poisson simulation with a nonabrupt interface
model, we show that the presence of arsenic in GaInP leads to the formation of a parasitic GaInAsP
well between thed-doped layer and the channel, trapping the main part of transferred electrons. We
experimentally show that the electron transfer can be drastically improved by inserting a thin AlInP
layer at the interface. Insertion of at least six monolayers of AlInP is needed to recover a normal
electron transfer as high as 2.131012 cm22. © 1998 American Institute of Physics.
@S0021-8979~98!02114-8#
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I. INTRODUCTION

The GaInP ternary alloy lattice matched to GaAs h
drawn much attention as an attractive candidate in view
replace AlGaAs in modulation-doped field-effect transisto
Its large valence band discontinuity with GaAs, its weak
oxidization, and its good chemical etching selectivity w
arsenides are the superior characteristics of GaInP over
GaAs for electronic devices. But in spite of many stud
made on growth conditions and element switchi
sequences,1–3 it appears that a good control of GaInP/Ga
interfaces is much more difficult than for AlGaAs/GaA
ones. This fact is related to the controversial reported va
of the band offset ratio (DEc :DEv) between GaInP and
GaAs, which vary over a wide range from 7:93 to 48:52.4–7

Basically there are at least two issues needed to be con
ered in achieving good quality arsenide/phosphide interfa
The first one is related to the experimental setup and c
cerns the residual incorporation of previous element V d
ing the growth of the succeeding layer. It is often call
memory effect. The second one is an intrinsic effect, due
the reactivity of the interface because of the chemical b
energy difference between GaP and GaAs,8 which could be
the driving force for an As/P interdiffusion process. Wi
indium-containing materials, phenomena of surface segre
tion and desorption of In atoms are added.9 Recently, Mis-
souset al.10 reported the study of Ga0.52In0.48P/In0.15Ga0.85As
high electron mobility transistor structures grown by so
source molecular beam epitaxy~MBE!. They show a large
reduction of the two-dimensional electron gas~2DEG! mo-
bility when the GaInP spacer layer is placed closer to
InGaAs channel and they need to use an AlGaAs spa
layer to recover good 2DEG characteristics. Diffuse int
faces have been already reported in the growth of GaInP
AlInP on GaAs.11,12 However, the effect of the GaInP/GaA
interface broadening on 2DEG characteristics have not
been analyzed. In this work, we report the study of GaInP
7650021-8979/98/84(2)/765/5/$15.00
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~In!GaAs interfaces by means of charge transfer meas
ments on modulation-doped heterojunctions. These res
but also low temperature photoluminescence and x-ray p
toemission spectroscopy~XPS! measurements, lead us t
propose an interface profile and an original solution in or
to improve electron transfer in these structures, by inser
few AlInP monolayers at the interface.

II. EXPERIMENT

Growth has been carried out in a gas source MBE cha
ber~Riber 32P! in which arsine and phosphine are cracked
the same cracker cell at 750 °C in order to produce the
ment V fluxes, whereas standard effusion cells are use
produce element III fluxes. The modulation-doped sin
heterojunctions are grown on semi-insulating~001! GaAs
substrates. Prior to the growth, the GaAs substrate is he
up to 660 °C under an arsenic flux to remove the oxide. Th
a 200 nm GaAs buffer layer is grown at 580 °C. The grow
is then stopped and the temperature is lowered to and s
lized at 520 °C for the growth of the modulation-dope
structure. It consists of a 10 nm In0.20Ga0.80As channel, fol-
lowed by a 5 nm Ga0.50In0.50P spacer layer and a 5
31012 cm22 silicon d-doped layer. Finally a 25 nm GaInP
barrier and a 15 nm Si-doped GaAs cap layer are grown.
commutation sequence at the GaInP on InGaAs interf
consists of a 2 sgrowth interruption without element V, fol-
lowed by a 1 s ofphosphorus~3 sccm PH3! preceding the
opening of Ga and In shutters. During the growth of pho
phide layers, the reflection high-energy electron diffracti
~RHEED! pattern exhibits a (231) reconstruction with no
further evolution. It never becomes spotty evidencing
layer-by-layer growth mode. The two-dimensional electr
gas structures are characterized by Hall measurements in
standard Van der Pauw configuration at both room temp
ture and 77 K.
© 1998 American Institute of Physics
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We performed low temperature photo-lumine
cence ~PL! measurements on asymmetric
Al0.30Ga0.70As/GaAs/Ga0.50In0.50P quantum wells using a 48
nm Ar ion laser as the excitation source (30 mW/cm2) and
an InGaAs photocathode photomultiplier as the detector.
use of asymmetrical structures allows to separate the
kinds of GaInP–GaAs interfaces by changing the growth
quence. The growth of these samples had been carried
under the same conditions as the modulation-doped st
tures. The control of the well thickness was performed
adjusting the GaAs growth rate during the buffer layer
means of RHEED intensity oscillations. It was fixed to
monolayers ~19 ML, 5.4 nm! with a growth rate of
0.5 ML s21.

To investigate the As and P profiles through the str
ture, we used angle dependent XPS measurements on
nm-thick ~17 ML! GaInP layer on GaAs with an AlKa
x-ray source~1486.6 eV!. The direction of photoelectrons i
given by the polar angleU referred to the surface of th
sample and the azimuth which is chosen to be the@110#
direction of the~001! GaAs substrate. We calculated the i
tensity ratio of arsenic and phosphorus core lev
(As 3d/P 2p) as a function of the polar angleU. These two
core levels have been chosen because their kinetic ene
and then their photoelectron escape depthsl are very close.
The total probed thickness is then approximately equa
3l sinU. For low polar angles, the XPS signal is mainly d
to the surface of the sample~probed thickness at 25°53 nm!
whereas for high polar angles, both the surface and the
terface contributes to the XPS signal~probed thickness a
90°57.5 nm!.

III. RESULTS AND DISCUSSION

A. Hall measurements

Table I summarizes the Hall electron densitynH and
Hall mobility mH measured for a Ga0.50In0.50P/In0.20Ga0.80As
modulation-doped heterojunction. These results do not
low a standard 2DEG behavior for two reasons. The first
is the too high measured electron density which is nea
equal to the electron concentration of thed-doped layer as if
there was no charge transfer. The second one is the ab
mally too low Hall mobility, with no increase between roo
temperature and 77 K. This low mobility cannot be attribut
to a 2DEG in the InGaAs channel. However, the same st
ture with an Al0.50In0.50P barrier instead of the GaInP on
exhibits superior characteristics with typical values for
good 2DEG structure~Table I!. Nevertheless, AlInP is not a
good candidate in view to replace AlGaAs in electronic d
vices if the purpose is to suppress aluminium. The cond

TABLE I. Hall measurements on GaInP/InGaAs and AlInP/InGa
modulation-doped structure.

GaInP/InGaAs AlInP/InGaAs

300 K 77 K 300 K 77 K

nH(31012 cm22) 3.7 3.7 2.2 2.0
mH(cm2 V21 s21) 1290 1360 5600 17 000
e
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ut
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tion band offset difference between GaInP and AlInP~110
meV13! cannot only explain the wide difference betwe
these experimental results. This wide difference must then
related to the GaInP/~In!GaAs interface.

B. Photoluminescence measurements

We first used PL of asymmetrical AlGaAs/GaAs/GaIn
quantum wells to investigate the GaInP–GaAs interface. T
experimental PL energies~Fig. 1! were compared to calcu
lations based on the transfer matrix envelope function
proximation, well suited for asymmetric structures. A co
stant binding energy of the quasi-two-dimensional exci
EEX510 meV was assumed. Our calculations were made
ing a conduction band offset for the GaInP/GaAs system
145 meV, in agreement with the experimental value de
mined by Lerouxet al.5 The GaAs-on-GaInP sample emits
a slightly higher energy than the calculated one. This b
shift cannot be explained by indium segregation in the Ga
well, otherwise the energy would be red shifted. It is th
related to the presence of residual P atoms in the GaAs w
On the contrary, the inverse structure with the GaInP-
GaAs interface emits at a significant lower energy by ab
30 meV. The calculated GaAs well width for this energy
25 ML, 6 ML more than the nominal thickness. Such a va
is out of our precision range for the GaAs thickness. T
only way to explain this red shift is the presence of arse
atoms at the beginning of the GaInP barrier which indu
the formation of a small gap GaInAsP alloy after the Ga
well.

C. XPS measurements

This last point had been checked by XPS measureme
In Fig. 2~a!, we plotted the intensity ratio of arsenic an
phosphorus core levels (As 3d/P 2p) as a function of the
polar angleU. We first tried to fit the experimental dat
~square dots! by two simple models. Arsenic profiles ar
shown in Fig. 2~b!. The abrupt interface model~dot line! is
found to be far away from the experimental data, clea
demonstrating that the GaInP-on-GaAs interface is
abrupt. XPS measurements reveal the presence of As a

FIG. 1. PL spectra of the two asymmetric AlGaAs/GaAs/GaInP quant
wells. The arrow indicates the PL energy deduced from the XPS As c
centration profile for the GaInP-on-GaAs interface.
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near the surface (sinU50.4). This fact has been observe
even for 500 nm thick GaInP layer and suggests that
segregation occurs during the growth of GaInP.14 Indeed the
segregation model~dash-dot line! using a segregation energ
Es50.27 eV can explain the As concentration near the s
face. However the calculated As/P ratio at the interface
systematically below the experimental data. Then the
concentration near the interface cannot be accounted fo
an As–P surface exchange mechanism only. It suggests
presence of a noticeable amount of As atoms incorpora
during the growth of the GaInP overlayer. In order to te
this hypothesis, we modeled the As concentration profile
GaInP~solid line in Fig. 2! by an exponentially decreasin
function ~decay time of 2.3 s as the adjusted parameter! to-
gether with the equilibrium segregation model respons
for the As concentration at the GaInP surface. The ove
agreement is better than with the segregation model. M
the same As concentration profile successfully fits the
energy of the 19 ML GaInP on GaAs-on-AlGaAs asymm
ric quantum well and explains the observed red shift~arrow
in Fig. 1!. This strongly supports the idea of a diffuse GaIn
on-GaAs interface extending on 6–7 MLs. The same mo
using an exponentially decreasing function of phosphoru
GaAs, is successfully used in the case of the GaAs-on-Ga
interface to explain the blue shift of the PL line for th
interface.

FIG. 2. Angle dependent XPS measurements~a! on a 17 ML thick GaInP
layer on GaAs~square dots! and three interface models~b!; the nominal
abrupt interface model~dash line!, the As segregation model~dash-dot line!,
and an exponential As decay together the segregation model~solid line!.
s

r-
is
s
by
the
d

t
n

e
ll
e,
L
-

-
l,

in
P

D. Discussion

This GaInP-on-GaAs interface profile has two distin
components. The first one is the small amount of P in Ga
and of As at the surface of GaInP due to the segregatio
As atoms through GaInP during the growth. The second
is the large amount of As in GaInP following an expone
tially decreasing profile. The origin of this interface broa
ening could be driven by the chemical bond strength diff
ence between Ga–P and Ga–As as suggested by Ananet al.8

However, the intermixing of P and As at 520 °C for th
GaInP-on-GaAs interface is limited to 1–2 ML@Fig. 2~b!#
and is not sufficient to explain the large amount of As
GaInP. The main part of As atoms in GaInP is then proba
due to a gas mixture during the gas commutation proced
It is not a simple memory effect because a 1 min purge of the
gas cracker cell does not significantly reduce the red shif
the PL line of asymmetrical quantum well. This has be
discussed elsewhere.14

This interface profile can now be used to explain t
Hall measurements of modulation-doped structures. We
formed charge transfer calculations using a self-consis
one-dimensional Schro¨dinger–Poisson solver. The interdi
fusion of P atoms in In0.20Ga0.80As induces the formation o
a 1–2 ML high gap strained In0.20Ga0.80AsxP12x layer at the
top of the channel acting as a barrier for electrons. On
contrary, exponentially decreasing profile of As atoms
Ga0.50In0.50P leads to the formation of a small ga
Ga0.50In0.50PxAs12x region which acts as a parasitic well
the bottom of the barrier. Results are summarized in Fig
for a nominal GaInP/InGaAs structure~a! and a diffuse one
~b!. We plotted the conduction band energy, the total el
tron density, and the position of the two first electronics le
els in the structures. The Fermi level is fixed at 0 eV as
energy reference and the surface potential of GaInP is cho
to be 0.8 eV. The comparison between the simulations of
two profiles clearly shows that in the case of the diffu
interface, about 40% of electrons are localized into the pa
sitic Ga0.50In0.50PxAs12x well instead of the nominal InGaAs
channel. This localization is enhanced by the presence of
1–2 ML In0.20Ga0.80AsxP12x barrier at the top of the channe
This explains the too high electron density measured
modulation-doped structures because Hall measurem
give a weighted average electron density in the case of m
ticonducting layers. In the case of a diffuse interface, the t
first electronics levels are lowered below the Fermi lev
The wave function of the first level is mainly localized in th
parasitic well with a large extension into the barrier. T
second level closed to the first one is related to the InGa
channel. Whereas the nominal structure has only one leve
the InGaAs channel. This has been checked by room t
perature photoluminescence measurements on modula
doped structures. As previously reported, PL spectrum
modulation-doped heterojunctions mainly reveals the tra
tion between the electronics levels below the Fermi level a
the first heavy hole level.15 Curve~a! in Fig. 4 shows the PL
spectrum of such structure. The diffuse interface GaI
InGaAs sample exhibits two transitions corresponding to
two wells in good agreement with the values predicted
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our model~arrows in Fig. 4 at, respectively, 1.201 and 1.2
eV!. The lower energy peak at about 1.20 eV is attributed
the electronic level in the parasitic well. The presence o
large concentration of electrons in the barrier close to
d-doped layer and of the 1–2 ML barrier near the center
the 2DEG explain the low values of the Hall mobility.

FIG. 3. Self-consistent Schro¨dinger–Poisson simulation of GaInP/InGaA
modulation-doped structure in the case of a nominal interface~a!, a diffuse
interface~b!, and a diffuse interface with 6 ML of AlInP~c!. We plotted the
conduction band energy, the total electron density, and the position o
two first electronics levels in the structures. The Fermi level is fixed at 0
~dotted line!.

FIG. 4. Room temperature PL measurements of modulation-doped he
junctions: a GaInP/InGaAs sample~a! and one dressed with 6 ML of AlInP
at the interface~b!. Arrows indicate the two calculated transitions for
diffuse interface taking into account the XPS As profile.
o
a
e
f

Now if the GaInP barrier is replaced by an Al0.50In0.50P
one and considering that the As–P incorporation mechan
is the same, the As profile must lead to the formation o
larger gap Al0.50In0.50PxAs12x region instead of a
Ga0.50In0.50PxAs12x one, no longer acting as a well. More
this region can improve the electron confinement in the ch
nel because of its higher conduction band offset@Fig. 3~c!#.
We experimentally verified these ideas by dressing
InGaAs–GaInP interface with a few monolayers of AlIn
The total thickness of the spacer layer~i.e., AlInP1GaInP!
was kept constant to 5 nm in order to compare the resu
We plotted in Fig. 5, the Hall density and mobility at 77 K a
a function of the thickness of the AlInP layer. While only
MLs improve the 2DEG mobility by a factor of 2, at least
MLs of AlInP are needed to recover a normal electron tra
fer in the channel (nH52.131012 cm22) and a good 2DEG
mobility at both room temperature and 77 K@mH(300 K)
55500 cm2 V21 s21 and mH(77 K)517 000 cm2 V21 s21!.
Beyond 6 ML, Hall density and mobility are nearly consta
and the effect of the parasitic well is then totally suppres
as expected by simulations@Fig. 3~c!#. We deduce from these
experiments that the GaInP-on-InGaAs interface is disrup
on at least 6 ML in the barrier by the presence of arse
atoms, in good agreement with the XPS As/P profile
which the As concentration after 6 ML is below 10%. Cur
~b! in Fig. 4 shows the PL spectrum of a sample, where
beginning of the spacer layer has been replaced by 6 ML
AlInP. Contrary to the sample of curve~a! in Fig. 4, it ex-
hibits only one peak at 1.22 proving that the parasitic w
has been suppressed. Of course, this solution does not s
the problem at the arsenide-phosphide interfaces but it s
presses its consequences and can be used as an origin
lution to ensure good 2DEG characteristics for device ap
cations. No drawbacks due to the presence of this thin Al
layer have been found~persistent photoconductivity for in
stance!. Based on these results, the GaInP/InGaAs system
spite of its lower conduction band offset, allows as high el
tron density as the AlGaAs/InGaAs one.16

he
V

ro-

FIG. 5. Hall density and mobility at 77 K as a function of the AlInP add
tional dressing layer thickness in GaInP/InGaAs modulation-doped st
ture. ~Lines are guides for the eyes.!
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IV. CONCLUSION

The GaInP-on-~In!GaAs interface has been investigat
by means of electron transfer measurements in modulat
doped heterostructures. This interface is disrupted on at l
6 ML by the presence of arsenic atoms in the GaInP barr
probably due to a gas mixture in the cracker cell during
gas commutation procedure. The presence of As atoms in
barrier had been clearly demonstrated by the red shift of
PL lines of asymmetrical AlGaAs/GaAs/GaInP quantu
wells and also by angle dependent XPS measurements.
presence of a large amount of As in the bottom of the Ga
barrier leads to the creation of a parasitic GaInAsP quan
well which traps a part of the transferred electrons and lo
ers their mobility. Further work is required to improve th
gas commutation sequence at the interface, however
found an original solution which consists of the insertion
few monolayers of AlInP at the InGaAs/GaInP interface,
lowing 2DEG density as high as 2.131012 cm22.

ACKNOWLEDGMENT

This work has been supported by DRET/DGA und
Contract No. 94160. We gratefully acknowledge C. Coin
for his technical assistance and J. L. Thobel for the o
dimensional Schro¨dinger–Poisson algorithm and fruitfu
discussions.
n-
st
r,
e
he
e

he
P
m
-

e
f
-

r
n
-

1J. M. Kuo, H. C. Kuo, J. Y. Cheng, Y. C. Wang, Y. Lu, and W. E. May
J. Cryst. Growth158, 1047~1996!.

2M. Usami, Y. Matsushima, and Y. Takahashi, J. Cryst. Growth150, 1344
~1995!.

3M. J. Hafich, J. H. Quigley, R. E. Owens, and G. Y. Robinson, Ap
Phys. Lett.54, 2686~1989!.

4T. Kobayashi, K. Taira, F. Nakamura, and H. Kawai, J. Appl. Phys.65,
4898 ~1989!.

5J. Chen, J. R. Sites, I. L. Spain, M. J. Hafich, and G. Y. Robinson, Ap
Phys. Lett.25, 744 ~1991!.

6T. W. Lee, P. A. Houston, R. Kumar, X. F. Yang, G. Hill, M. Hopkinso
and P. A. Claxton, Appl. Phys. Lett.60, 474 ~1992!.

7M. Leroux, M. L. Fille, B. Gil, J. P. Landesman, and J. C. Garcia, Ph
Rev. B47, 6465~1993!.

8T. Anan, S. Sugou, K. Nishi, and T. Ichihashi, Appl. Phys. Lett.63, 1047
~1993!.

9M. Mesrine, J. Massies, C. Deparis, N. Grandjean, and E. Vanelle, A
Phys. Lett.68, 3579~1996!.

10M. Missous, A. A. Aziz, and A. Sandhu, Jpn. J. Appl. Phys., Part 236,
L647 ~1997!.

11H. Y. Lee, M. D. Crook, M. J. Hafich, J. H. Quigley, and G. Y. Robinso
Appl. Phys. Lett.55, 2322~1989!.

12J. C. Garcia, P. Maurel, P. Bove, and J. P. Hirtz, Jpn. J. Appl. Phys.,
1 30, 1186~1991!.

13M. O. Watanabe and Y. Ohba, Appl. Phys. Lett.50, 906 ~1987!.
14O. Dehaese, X. Wallart, O. Schuler, and F. Mollot, Jpn. J. Appl. Ph

Part 136, 6620~1997!.
15A. Dodabalapur, V. P. Kesan, D. R. Hinson, D. P. Neikirk, and B.

Streetman, Appl. Phys. Lett.54, 1675~1989!.
16L. D. Nguyen, D. C. Radulescu, M. C. Foisy, P. J. Tasker, and L.

Eastman, IEEE Trans. Electron Devices36, 833 ~1989!.



JOURNAL OF APPLIED PHYSICS VOLUME 84, NUMBER 4 15 AUGUST 1998
X-ray photoemission characterization of interface abruptness and band
offset of Ga 0.5In0.5P grown on GaAs

O. Dehaese,a) X. Wallart, O. Schuler, and F. Mollot
Institut d’Electronique et de Microe´lectronique du Nord, UMR CNRS 9929, BP 69,
59652 Villeneuve d’Ascq Ce´dex, France

~Received 16 December 1997; accepted for publication 9 May 1998!

We have studied by angle resolved x-ray photoemission spectroscopy~XPS! the interface between
Ga0.5In0.5P and GaAs grown by gas source molecular beam epitaxy. For cations, we show that the
interface is abrupt for a growth temperature of 400 °C and that indium segregation is effective at
500 °C but less than that in GaInAs at the same temperature. For anions, growth of the two layers
in rapid succession results in the incorporation of an excess of arsenic in the GaInP epilayers and a
diffuse interface. As soon as these predominant experimental effects are suppressed, the abruptness
of the interface is limited by a weak arsenic surface segregation. For this quasi-abrupt interface, we
report a valence band offset of'0.3 eV as determined by XPS. ©1998 American Institute of
Physics.@S0021-8979~98!04716-1#
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I. INTRODUCTION

Band offsets at the interface between two III-V semico
ductors have received attention for a long time because
their importance for device electronic properties as well
from a fundamental point of view.1 Nevertheless, in spite o
numerous studies devoted to this field, an overall agreem
between theoretical predictions and band offset meas
ments, and sometimes between measurements using diff
techniques, is only reached for a limited number of int
faces. Among many possible causes of disagreement, on
the most important is probably the lack of precise control
the interface chemistry at the atomic scale. Indeed, it
been shown that for interfaces between III-V semiconduc
sharing neither the anions nor the cations~for example InP/
GaInAs or GaAs/GaInP!, the band offset depends on the e
act growth sequence.2–4 This in turn calls for a detailed pic
ture of the interface formation which, up to now, has on
been obtained for interfaces between different arsenides
pecially AlAs/GaAs and InAs/GaAs.5–14 Indeed, in this case
it is now well established that the interface abruptness
limited by segregation during growth rather than by interd
fusion processes. This has been described successfull
several models based either on an exchange mechanis7,15

or on diffusion length differences16,17 at the growth surface
Although few results are available, segregation has been
ported in phosphides as well but seems to be less active
in arsenides.18

On the other hand, for interfaces between arsenides
phosphides, the situation is still unclear. Diffuse interfac
have been reported for both arsenides on InP19–21 and phos-
phides on GaAs.22–26However, the origin of interface broad
ening is not well understood. This is due mainly to the d
ficulty in distinguishing between intrinsic effects related
the material system under study and extrinsic experime

a!Also with: Institut de Micro et Optoe´lectronique, Ecole Polytechnique Fe´d-
érale de Lausanne, CH 1015̄ Ecublens, Switzerland.
2120021-8979/98/84(4)/2127/6/$15.00
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effects. The latter are more or less unavoidable becaus
the high element V vapor pressure and the element V o
pressure used for standard growth conditions in usual te
niques such as molecular beam epitaxy~MBE! or metalor-
ganic chemical vapor deposition~MOCVD!.

As for the GaAs/GaInP interface, uncertainty concern
the interface chemistry and abruptness has lead to a l
dispersion in the measured values of the band offset.
instance, reported results for the valence band offset u
several techniques vary from 70 to 430 meV.27–32Moreover,
most studies relating to the GaAs/GaInP interface make
of characterization techniques such as photoluminesce
~PL! or x-ray diffraction ~XRD! which are not chemically
sensitive and which can not give a detailed picture of
interface chemistry.

In this work, we investigate the GaInP on GaAs interfa
grown by gas source molecular beam epitaxy~GSMBE! us-
ing angle resolved x-ray photoelectron spectrosco
~ARXPS!. The chemical sensitivity of XPS combined wit
angular measurements allow us to determine cation and
ion concentration profiles at the interface. These profiles
then used to interpret the origin of the interface broadeni
After suppression of the experimental effects, we obt
quasi-abrupt interfaces. This allows us to determine the
lence band offset between GaInP and GaAs by XPS.

II. EXPERIMENT

Samples are grown on GaAs ‘‘epiready’’~001! sub-
strates in a gas source Riber 32P epitaxy chamber. Con
tional Ga and In MBE effusion cells and cracked AsH3 and
PH3 are used as element III and V sources, respectively.
same cracker cell working at 750 °C is used for both As3

and PH3. Prior to growth, the GaAs substrate is heated
660 °C under an arsenic flux in order to remove the oxi
After the growth of a 2000 Å GaAs buffer layer at 580 °
with an AsH3 flow of 2 sccm, the temperature is lowered a
stabilized at the growth temperature~400 or 500 °C! used for
7 © 1998 American Institute of Physics
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the Ga0.5In0.5P epilayers. The duration of this growth inte
ruption is 3 min, and the AsH3 line is vented when the sub
strate temperature reaches 550 °C in order to keep a typ
As rich (234) reflection high energy electron diffractio
~RHEED! pattern. Ga0.5In0.5P growth is then initiated by si
multaneously opening the Ga and In shutters and activa
the phosphine~PH3 flow: 3 sccm!. Immediately the RHEED
pattern changes from the (234) to a (231) reconstruction
with no further evolution as long as the growth proceeds
changes back to a (234) one once GaInP growth is stoppe
The RHEED patterns never become spotty during the gro
of Ga0.5In0.5P evidencing a layer by layer growth mod
Phosphide growth rate~'1 monolayer/s! and composition
are regularly determined by RHEED oscillations on Ga
and InP.

Immediately after growth and cooling, samples are tra
ferred under ultrahigh vacuum (1310210 Torr) to the XPS
analysis system. This system is a Physical Electronics m
5600, modified by N.V. SINVACO S.A. in order to analyz
3 in. MBE samples. The angle resolved XPS results p
sented here have been obtained with a standard AlKa anode
~1486.6 eV!. The acceptance angle of the analyzer has b
set to 14° and the angle between the incident x rays and
analyzer is 54°. The direction of photoelectrons is given
the polar angleu, as referenced to the sample surface and
azimuth. To obtain angle dependent XPS results, the p
angle is varied from 25° to 90°. The intensity of the vario
XPS core levels are measured as the peak area after sta
background subtraction according to the Shirley procedur33

Photodiffraction effects are often prominent on sing
crystals34 and, as they superimpose to the XPS signal va
tions relative to the concentration gradient, they can m
concentration profile determination rather difficult. To min
mize these effects, we first perform an average of the dif
ent XPS core level intensities with respect to the azimut35

Then, we calculate intensity ratios between XPS lines eit
of two anions~As and P! or two cations~Ga and In! with
close binding energies.36 Since the Ga 3d and In 4d signals
overlap, we apply the deconvolution procedure proposed
Joyceet al.37 to determine the Ga 3d and In 4d intensities. In
this procedure, the Ga 3d and In 4d lines are described eac
by a doublet for the 3/2 and 5/2 components. The branch
ratios are theoretical ones and the splitting energies are fi
at 0.45 eV between Ga 3d3/2 and Ga 3d5/2 and 0.86 eV be-
tween In 4d3/2 and In 4d5/2, which are typical values for
these core levels.38 These experimental intensity ratios a
fitted with simulated ones for various concentration profi
at the interface using photoionization cross section val
deduced from measurements on GaAs, InAs, and InP re
ence samples. The best fit is obtained through a least-sq
minimization procedure.

For the determination of the valence band offset, we
a monochromatic AlKa x-ray source for which the ultimate
overall resolution as measured from the full width half ma
mum ~FWHM! of the Ag 3d5/2 line is 0.45 eV. We apply a
commonly used procedure39–50 in which the differences be
tween a core level energy~E1 or E2! and the valence ban
maximum~Ev1 or Ev2! are first measured independently o
the two semiconductors. Then the separation between
al
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two core level energies (DE5E12E2) is obtained on a het-
erojunction, and the valence band offset is deduced from
equation:

DEv5~E12Ev1!1DE2~E22Ev2!. ~1!

For the determination of the valence band maxima, the
perimental data are fitted with a Gaussian broadened
electron density of states.32

III. RESULTS AND DISCUSSION

Since the band offset is sensitive to the interface che
istry, we first focus on the concentration profiles across
interface using ARXPS. Taking advantage of the chemi
sensitivity of this technique, we study the anion and cat
profiles separately. Figure 1 shows an example set of spe
for the anions~P 2p, As 3d! and for the cations~Ga 3d,
In 4d! recorded on a 5 monolayer~ML ! thick Ga0.5In0.5P on
GaAs epilayer grown at 400 °C. In this figure, we display t
subtracted background for all spectra and the curve fitt
used for the Ga 3d– In 4d region.

We start with the determination of the cation concent
tion profiles for 5 ML thick Ga0.5In0.5P on GaAs samples
grown at 400 and 500 °C. XPS angular measurements for
Ga 3d/In 4d intensity ratio are reported in Fig. 2 togeth
with simulations. For a 400 °C growth temperature t
agreement is quite good between experimental data an
simulation assuming an abrupt interface for the cations. F
higher growth temperature~500 °C! a slight decrease of the
Ga 3d/In 4d intensity ratio is observed for all the pola
angles indicating that the interface is no longer abrupt du
the indium surface segregation. To take into account
segregation we use a thermodynamic equilibrium model7,11,12

with a segregation energy (Es) of 0.1 or 0.2 eV. We can see
in Fig. 2 that experimental data are well fitted by a simu
tion with Es50.1 eV.

These results show that indium segregation occurs
GaInP as in GaInAs. This is in agreement with the results
Mesrineet al.18 relating to GaInP grown at 550 °C by chem
cal beam epitaxy~CBE!. However, since the value ofEs we
report for GaInP grown at 500 °C is less than the 0.2 e
usually determined for GaInAs at the same temperature,
indium segregation seems to be less effective in phosph
than in arsenides. This could be due to a kinetic limitation
the exchange mechanism leading to segregation becau
the higher binding energies of Ga and In in GaInP than
GaInAs.19,51 If true, the indium segregation should be e
hanced at higher growth temperature in GaInP as it seem
be for GaInP grown at 550 °C by CBE.18 This tends to dem-
onstrate the activation of indium segregation with the grow
temperature and hence the importance of kinetic factors
the Ga/In exchange mechanism in phosphides. This beha
is quite similar to that observed in GaInAs although equil
rium seems to be reached near 500 °C for GaInAs.
GaInP, it appears to be obtained at higher temperatures

For the same samples, we also determine the anion
centration profiles. XPS angular measurements for
As 3d/P 2p intensity ratio are reported in Fig. 3 togeth
with simulations. Assuming an abrupt GaInP on GaAs int
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face, the calculated As 3d/P 2p intensity ratios are much les
than the experimental ones for all the polar angles. T
shows that the GaInP on GaAs interface is not abrupt for
anions for a growth temperature of 400 °C or 500 °C and
min growth interruption. Moreover, since the experimen
intensity ratios are greater than the calculated ones, we
conclude that some arsenic is incorporated into the Ga
epilayer. The first assumption is that there is a surface s

FIG. 1. Example set of spectra recorded on a 5 ML thick GaInP on GaAs
epilayer grown at 400 °C.~a! P 2p core level~dotted line! and its subtracted
background~dashed-dotted line!. ~b! As 3d core level~dotted line! and its
subtracted background~dashed-dotted line!. ~c! Ga 3d and In 4d core levels
~dotted line!, associated subtracted background~dashed-dotted line!, two
doublets~Ga 3d3/2– Ga 3d5/2 , In 3d3/2– In 3d5/2! components~dashed lines!,
result of the curve fitting~full line!.
is
e
3
l
an
P
g-

regation of arsenic with respect to phosphorous. This se
gation process should be similar to that of indium for catio
Thus we apply the thermodynamic equilibrium model to
experimental data with calculated As 3d/P 2p ratios. The
single parameter of this fit is the segregation energyEs . In
Fig. 3 we present As 3d/P 2p intensity ratios calculated fo
anion concentration profiles deduced by using the thermo
namic equilibrium model withEs50.4 eV. For this value of
the segregation energy, the exchange process betwee
and P atoms is quite total and thus the arsenic concentra
of the surface monolayer is almost 1. Hence the calcula

FIG. 2. Experimental and calculated polar angle dependence of
Ga 3d/In 4d intensity ratio after azimutal average for a nominally 5 M
thick GaInP epilayer grown on GaAs at 400 and 500 °C.

FIG. 3. Experimental and calculated polar angle dependence of
As 3d/P 2p intensity ratio after azimutal average for a nominally 5 M
thick GaInP epilayer grown on GaAs at 400 and 500 °C.
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As 3d/P 2p ratios represent the maxima we can obtain wi
out assuming the incorporation of an excess of arsenic in
GaInP epilayer. We see in Fig. 3 that these maxima are
less than the experimental data.

To improve the agreement between experiment
simulation we then use a composition profile made up
three regions and the GaAs substrate. Each of these reg
is of constant composition in As and so in P. The fit para
eters are the three concentrations and the three thickness
the regions. The best fit between experiment and simula
for a 500 °C growth temperature@Fig. 4~a!# is obtained with
the As concentration profile shown in Fig. 4~b!. This profile
reveals important features. First, the epilayer surface is
riched in As suggesting the existence of an As segrega
process. Since the arsenic surface content is quite impo

FIG. 4. ~a! Experimental and calculated polar angle dependence of
As 3d/P 2p intensity ratio for a nominally 5 ML thick GaInP epilayer grow
at 500 °C on GaAs.~b! As concentration profile deduced from the fit to XP
data for a nominally 5 ML thick epilayer grown at 500 °C on GaAs.
-
e
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n
nt

as seen in the concentration profile of Fig. 4~b!, the As/P
exchange process leading to segregation must be very
cient. However, As segregation alone cannot account for
concentration profile in Fig. 4~b!, since the total amount o
excess arsenic in the GaInP epilayer is greater than 1 ML.
the other hand, since the experimental As 3d/P 2p intensity
ratios are greater at 400 °C than at 500 °C~Fig. 3!, we can
infer that the incorporated excess of As is greater at 400
than at 500 °C. This cannot be explained by an exchan
segregation phenomenon alone. Finally, the concentra
profile of Fig. 4~b! shows the absence of phosphorus in t
last monolayers of GaAs, which rules out the possibility o
strong As/P interdiffusion process as the origin of the inc
porated As in the GaInP epilayer. The above experime
observations lead us to conclude that the apparent interd
sion at the GaInP on GaAs interface results mainly fro
experimental effects rather than from intrinsic ones. Th
effects could be a residual As pressure in the MBE reac
during the GaInP growth or a gas mixture between AsH3 and
PH3 in the vent line or in the cracker cell. These points a
discussed in more detail elsewhere.52

Whatever the origin may be, it is necessary to suppr
the incorporation of the excess As in GaInP in order to o
tain an abrupt interface between GaInP and GaAs. We u
modified growth procedure in which we stop the growth af
the GaAs buffer layer and leave the samples under ultrah
vacuum for one night. This allows us to purge the vent lin
the cracker cell, and the MBE reactor during a time we ho
sufficient to suppress experimental effects. Before the gro
of the GaInP epilayer, the sample surface is checked by X
revealing the absence of contamination especially in C or
The growth is resumed by slowly heating the sample to
growth temperature~400 or 500 °C! without any element V
beam. The RHEED shows a (234) reconstruction from the
beginning to the end of the sample heating. The Ga and
shutter are opened and PH3 switched to the cracker cell si
multaneously.

For samples consisting of 10 ML of GaInP on GaA
grown with this modified procedure at 400 or 500 °C, t
variations of As 3d/P 2p intensity ratios with the polar angle
are depicted in Fig. 5 together with simulations. The agr
ment between experimental data and a simulation assum
an abrupt GaInP on GaAs interface is quite good at 400
500 °C, demonstrating that the GaInP on GaAs interface
intrinsically quasi-abrupt. To improve the agreement b
tween experiment and simulations, we assume the existe
of an arsenic segregation. This effect is described using
kinetic model of segregation we have developed previou
for group III elements.15 In the case of anions, this model
modified to take into account the As desorption. In our ca
this effect is important especially at the highest temperatu
For instance, in Fig. 5, the As 3d/P 2p intensity ratios are
always greater at 400 than at 500 °C, probably due to a
tial desorption of As surface atoms at the higher growth te
perature. The desorption has been included in the mode
subtracting an amount of arsenic proportional to the As c

e
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centration of the surface monolayer after the exchange
cess. The proportion is kept constant along the grow
Hence the fit parameters for the modified kinetic model
segregation are the two energy barriers for exchange and
desorption coefficient.

The best agreement between experiments and sim
tions using the modified kinetic model of segregation is o
tained with energy barriers of 1.68 and 1.8 eV both at 4
and 500 °C and reevaporation coefficients of 0 and 0.1 at
and 500 °C, respectively. Calculated As 3d/P 2p intensity
ratios derived using this segregation model are shown in
5. With this kinetic model, the As surface concentration
less than 5% both at 400 and 500 °C. For these samples
weak As segregation causes a broadening of the GaInP
the GaAs interface over 3 ML. Hence this interface is qua
abrupt and it is then meaningful to determine the vale
band offset between GaInP and GaAs by XPS.

In the case of GaInP/GaAs the valence band offset
be measured using the As and P or As and In core levels.
present a determination using the narrowest and the m
intense lines of these elements, i.e., As 3d5/2, P 2p3/2,
In 3d5/2 and In 4d5/2. This choice allows a precise determ
nation of the positions necessary to improve the accurac
the measurement. The results of the determination are s

FIG. 5. Experimental and calculated polar angle dependence of
As 3d/P 2p intensity ratio after azimutal average for a nominally 10 M
thick GaInP epilayer grown on GaAs at 400 and 500 °C with a one n
growth interruption between the GaAs buffer and the GaInP epilayer.

TABLE I. Valence band offset valuesDEv determined by XPS using vari
ous core level lines for the GaInP on GaAs interface at 400 and 500 °C
one night growth interruption.

DEv 500 °C 400 °C

As 3d5/2– P 2p3/2 0.266 eV 0.285 eV
As 3d5/2– In 4d5/2 0.299 eV 0.291 eV
As 3d5/2– In 3d5/2 0.345 eV 0.335 eV
o-
.
f
the
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marized in Table I for the two growth temperatures~500 and
400 °C!. The mean value of the valence band offset is'0.30
eV with a dispersion of650 meV, in good agreement with
commonly accepted experimental value of 0.330 eV31 mea-
sured using photoluminescence under pressure. Moreo
this value agrees quite well with theoretical predictions in
0.32–0.39 eV range.53 It is, to our knowledge, the first XPS
determination of the valence band offset between GaInP
GaAs in agreement with a theoretical calculation. We th
that this is probably due to the growth of a quasi-abru
interface by the suppression of the experimental effects
ducing the As/P interdiffusion.

IV. CONCLUSION

In this work we present an XPS characterization of t
GaInP on GaAs interface grown by GSMBE. This interfa
has often been described as diffuse, but we show that
interface broadening is due mainly to experimental effec
In our case, these effects could be a gas mixture in the v
line or in the cracker cell since they are common for ars
and phosphine. We show that, when they are suppressed
GaInP on GaAs interface is quasi-abrupt. Surface segre
tion of indium and arsenic with respect to gallium and pho
phorus limits the abruptness of the interface. However
dium segregation in GaInP is reduced with respect to tha
GaInAs at the same growth temperature. Furthermore,
segregation is weak and likely partially compensated by
sorption at the surface for growth temperatures of 500 °C
higher. In summary the intrinsic interdiffusion at the GaIn
on GaAs interface is weak. This allows us to measure
valence band offset between GaInP and GaAs, obtainin
value of'0.3650 meV. This is the first XPS determinatio
of the GaInP/GaAs valence band offset in agreement w
theoretical predictions.
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of wafer A, which can be recycled. Wafer B plays the role of stiff- 
ener, so the microsplitting develops differently to in the case of a 
free surface. Indeed, elastic deformation of the thin f h  is impos- 
sible and consequently, due to the local stress, splitting of the full 
wafer occurs. This stiffener effect is obtained by high quality 
bonding. The macroscopic view of the transferred wafer shows a 
good transfer on the full wafer (Fig. 3); note the existence of a few 
defects near the flat section. The cross-section of this structure 
exhibits a good quality bonding interface, a high microroughness 
surface due to the splitting (Fig. 4). The microroughness, deter- 
mined with a Tencor profilometer, indicates an RMS roughness of 
-15nm. 
(iv) Step 4: A final polish has to be carried out after splitting to 
eliminate the disturbed region on the surface. This work is in 
progress. 

~ 
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I 

8 

Fig. 3 Photograph of Ga‘lsfilm transferred onto 3zn szhcon wafer - - -surface 

oondi~g 
interface 

Fig. 4 SEM observation of GaAs,film transferred onto SiOz coated sili- 
con substrate 

Conclusion: We have demonstrated, for the first time, the feasibil- 
ity of transferring thin monocrystalline GaAs film onto an Si sub- 
strate using the ‘IMPROVE’ process. This prepares the way for 
achieving new architectures with 111-V materials. 
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V-band high-power/low-voltage InGaAs/lnP 
composite channel HEMTs 

P. Chevalier, X. Wallart, B. Bonte and 
R. Fauquembergue 

The authors have developed 0 . I 5 p  gate length InAlAs/InGaAs/ 
InP composite channel HEMTs with state-of-the-art power 
performance at 60GHz. An output power of 355mW/mm was 
obtained with 6.2dB linear power gain and l2?4 power-added- 
efficiency at a drain voltage of 2.5V. 

InGaAsLnAlAs HEMTs on InP substrates have demonstrated 
excellent performance for low-noise applications in the millimetre 
wave range. Nevertheless, power HEMTs based on InGaAs chan- 
nels are limited by the strong impact ioiiisatioii in this material. 
Thus, they suffer from high output conductance, low breakdown 
voltage and non-zero gate current due to hole generation. By 
decreasing the indium content in the InGaAs channel, impact ion- 
isation can be reduced, but frequency performance and drain cur- 
rent are affected. 

Another method for reducing impact ionisation is to substitute 
the lower part of the InGaAs channel by an InP layer. The main 
advantages of this composite channel structure are the higher 
value of the ionisation threshold energy in InP compared with 
InGaAs (1.69eV compared with 0.92eV), the conduction band dis- 
continuity between the two materials (Uc (In, 53Gq .,,As-InP) = 
0.2eV), and the high-field electron transport properties in InP 
which are not so different from those of InGaAs. 

We have shown, using Monte-Carlo snnulations, that this type 
of structure reduces impact ionisation effects [1] due to hot elec- 
tron transfer from InGaAs to InP. These results, experimentally 
confirmed [2], outline the interest of the 1nGaAsiInPin’-InP com- 
posite doped channel HEMT as a power device. Relatively few 
composite channel HEMTs with a doped sub-channel have been 
realised [3, 41. The obtained results have shown the ability of this 
device to deliver power in the K-band at a high drain voltage [5]. 
In this Letter, we present state-of-the-art power results at GOGHz, 
obtained at a low voltage with a 0 . 1 5 p  gate length composite 
channel HEMT. 

The composite channel structure was grown on a (100)-oriented 
InP substrate using a Riber-32P gas source molecular beam epi- 
taxy (GS-MBE) system. The epitaxial layers, shown in Fig. 1, con- 
sist of a conventional InAlAsiInGaAs lattice-matched structure 
with a 5 x 10l2cm-’ delta-doped layer and a composite doped 
channel with 12nm of undoped InGaAs, a 4nm undoped InP 
spacer and an 8nm InP sub-channel doped to 2 x 101*cm3. The 
undoped InP spacer was inserted to avoid Si diffusion into the 
InGaAs channel. The sheet resistance of the epilayer was 18OWuO. 

2 x 50 x 0 .15p2  HEMTs were fabricated using a trilayer resist 
gate technology. The fabrication began with the realisation of 
source and drain ohmic contacts. They were formed using Ni/Ge/ 
AU/Ni/Au metallisation and rapid thermal annealing at 315°C for 
10s in an N2/HZ atmosphere. A contact resistance of 0.13Wmm 
was obtained. Device isolation was performed by chemical mesa 
etching down to the InAlAs buffer layer with an H,PO,:H,O,:H,O 
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etchant. HCl:H,O was used to etch the sub-channel of InP. The T- 
gate was defined within a source-drain separation of 1.3pn, in one 
step, using electron-beam lithography on a trilayer resist system 
(PMMAP(MMA-MAA)/PMMA). After the chemical recess using 
a selective etchant (succinic acid H,O,), the gate was metallised 
with Ti/Pt/Au, followed by a lSmin, 290°C anneal. As a final step, 
thick Ti/Au probing pads were deposited. The devices were non- 
passivated. 

18 -3 
Ino,53G%~47As 5x10 cm 

12 -2 I 6 -doped5x10 cm 5nm I 
'n0.53G%.47AS nid 12 nm 

InP nid 4 nm 

InP 2x10 cm 8 nm 
18 -3 

Fig. 1 GaInAs/InP composite channel HEMT structure 
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Pig. 2 Current voltage characteristics of 0.15 x 2 x 5 0 p 2  composite 
channel HEMT 
Gate voltage ranges from 0.4 to -2.4V with 0.4V step 

The typical current-voltage characteristics of the 2 x 50 x 
O . l S p *  device is shown in Fig. 2. The InGaAslInP/n+-InP com- 
posite channel device exhibits a current density of -11OOmAimm 
at V, = 1.5V and V, = ov and 1250mAimm at vds = 2.5V and 
V, = +0.4V. A source to drain breakdown voltage > 3V was 
obtained. This value is very interesting if we consider the short 
source-to-drain spacing ( 1 . 3 ~ )  and the width of the gate recess 
(300 nm) . 

The microwave performance was measured using on-wafer 
probing techniques. S-parameters were extracted from 1 to 50GHz 
under an optimum DC bias. The extrinsic current gain cutoff fre- 
quency FT and the maximum unilateral gain cutoff frequency FMAx 
were determined from extrapolation with a -2OdBidecade slope of 
the current gain HZ,* and the unilateral gain U. R F  characteristics 
were measured at drain voltages of +1.5 and +2V. The transcon- 
ductance peak was -950mSlmm at 1.5V and 860mSimm at 2V. 
The associated output conductances were, respectively, 125 and 
8SmS/mm. Values of FT = 15OGHz and F,,, = 2OOGHz have 
been obtained at Vd8 = 1.5v. 

-5 0 5 10 15 
input power,dBm 

m 
Fig. 3 Output power and PAE at 60GHz of a 0.15 X 2 X 50pn2 com- 
posite channel HEMT 
Vds = 2.5V, V, = -1.2V 

The power performance was measured in class A at 60GHz 
using an on-wafer probe system. The mechanical tuners were 
adjusted to obtain the maximum output power and minimum 
reflected input power. The measured input and output powers 
were corrected in order to take into account the losses of the RF 
probes and the waveguide. The evolution of output power and 
power-added-efficiency (F'AE) against input power, measured at a 
drain bias of V, = 2.5V and a gate bias of V, = -1.2V, are plot- 
ted in Fig. 3. The device generates 3S5mWimm output power with 
6.2dB linear power gain, 28% drain efficiency and 12% PAE. The 
maximum power was achieved far above the 1dB gain compres- 
sion, which explains the low PAE compared to the drain effi- 
ciency. This distinctive feature can be attributed to the small 
aspect ratio (gate lengtwgate-to-channel separation), unfavourable 
to low output conductance and high gate resistance. 

In summary, composite channel power HEMTs have success- 
fully been realised with a high power performance in the V-band 
at a low drain-to-source voltage of 2.5V, which is very interesting 
for low voltage applications. In addition, these results were 
obtained for a power non-optimised device: a gate centred in the 
1 . 3 ~  source-drain spacing, with a narrow gate recess, and a lat- 
tice-matched Schottky barrier. Consequently, simicant improve- 
ments in structure and device technology are being studied to 
develop MMIC circuits based on these InP composite channel 
HEMTs. Our aim is to introduce a hole barrier by using a strained 
Schottky layer and to determine the best compromise between 
gate length, MAG and frequency of operation. 

Acknowledgments: The authors would like to thank D. Theron 
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measurements. This work has been financed by French MOD 
(DGA). 
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Compensation for saturation effects in FIR- 
NLMS system identification 

P. Handel 

An adaptive scheme is derived to be used in combination with the 
normalised least mean squares algorithm for finite impulse 
response models (FIR-NLMS), to combat nonlinear imperfections 
of the plant to be identified. The scheme is shown to outperform 
FIR-NLMS when a test system that consists of a variable static 
nonlinearity in cascade with a linear filter is identified. 

Introduction: One of the most widely used algorithms for on-line 
system identification is the normalised least mean squares for 
finite impulse response models (FIR-NLMS) [l]. A typical system 
identification setup is shown in Fig. 1, where x, and y,  are the 
measured input and output signals from the plant to be identified. 
The success of a system identification experiment by FIR-NLMS 
depends on several issues related to the plant, such as complexity 
(model order selection), linearity, stationarity, and properties of 
external disturbances e,, as well as on the properties of the stimu- 
lus x,, that, in particular, has to be persistently exciting. 

The objective of this Letter is to derive a low-complexity add-on 
algorithm in order to improve performance (in terms of residual 
error) of FIR-NLMSs when the plant includes a class of nonlinear 
imperfections. The proposed add-on scheme has only one parame- 
ter, b, that is adaptively adjusted to the data. A smooth static non- 
linearity is utilised, that for small values of b is approximately 
linear, and for large b is an approximation of a scaled sign-func- 
tion. For easy reference, the FIR-NLMS compensated for nonlin- 
ear imperfections is denoted C-FIR-NLMS. The performance of 
C-FIR-NLMS is investigated by identification of the test system in 
Fig. 1. The test system may, for example, be a rough description 
of an acoustic plant, where the gain control and the fixed limiter 

@E 

Fig. 1 Test system containing a variable gain, a fixed limiter, and a 74- 
tap FIRfilter with unity gain 
For identification purposes, an (L+ 1)-tap FIR-NLMS is combined 
with the proposed adaptive compensator for saturation effects 

describe an (analogue) amplifier and loudspeaker, and where the 
FIR model describes the impulse response of the acoustic cavity. 
At low volumes the loudspeaker output is a linear function of the 
input to the amplifier, but at high volumes the output is severely 
distorted due to saturation effects in the amplifier, or loudspeaker 
imperfections. 

FIR-NLMS with compensation for saturations: For simplicity, let 
x, be bounded by f l .  Consider the following static nonlinear 
transformation of x,: 

arctan(ebzk) 
eb Zk = k = 0,1, ... 

where b is a free parameter. For b <<O, e6 is small and arctan(ebx,) 
= ebx,, and thus z, 5 x,. On the other hand, for b >> 0, eh is large 
and z, = csign[xk], where c = 7d2eb. For practical applications, b 
values in the range (-1, 3) seem to be sufficient, meaning that eb 
spans the interval 0.37-20. Let z, be the input data to an FIR- 
NLMS (see Fig. 1). Then, the residual error is given by ( T  denotes 
transpose) 

where x, = (xk, ..., xk_JT and z, = (z,, ..., zkJ. The notation 
arctan(x), where x = (x,,, ..., xJT, is a short notation for the vector 
with components arctan(x,), = 0, ..., L. The negative gradient of 
E,@) with respect to b is necessary, that is 

Replacing E,@) and &,(b)/db with running estimates, a recursive 
prediction error algorithm for the adaptive update of b is easily 
constructed [2]. Combining the resulting algorithm with the FIR- 
NLMS scheme results in the C-FIR-NLMS as summarised below. 

u k  = exp(bk-1) (4) 

( 5 )  

(6) 

(7)  

arctan(bkzk) 
b k  

Zk = 

T 
Zk = ( Z k ,  Zk -1 ,  ..., Z k - L )  

E k  = Y k  - h L - l z k  

where eqns. 4 and 5 form the nonlinear transformation of x,; 
eqns. 6 - 8 define the FIR-NLMS algorithm [l], and eqns. 9 - 12 
form the adaptive update of b. 

The recursions (eqns. 4-12) in combination with the stability 
monitoring: b, E (b,,,, b,J, and gain control R, > Rm,, for some 
small R,, completes the C-FIR-NLMS. Typical values are b,,, = 
-1, b,,, = 3, and &,,, = 0.01. In eqn. 11, h is a design variable h 
< 1 that controls the speed of the convergence of bk. 

Performance evaluation: The test system used in the simulation 
study consists of a variable gain, a limiter, and a 74-tap FIR filter, 
see Fig. 1. The output from the limiter is xkL = x, for Ix,j 5 1 and 
xkL = signjx,] for Ix,l > 1, where sign[,] is the sign function. By 
assumption x, is bounded by f l ,  and thus the test system is linear 
for gains below OdB. In the limit that the gain tends to +w, the 
output is xkL = sign[x,]. The FIR fdter has unity static gain, and 
its impulse response is shown in Fig. 2. In the experiment, x, is a 
7s sequence of male Finnish speech samples of absolute level 
-16.9dB. The speech signal is sampled at 8kHz. The external 
disturbance e, is zero mean white Gaussian with absolute level 
45dB.  

The performance, measured in terms of residual error of the C- 
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Best Combination Between Power Density,
Efficiency, and Gain at V-Band with

an InP-Based PHEMT Structure
S. Piotrowicz, C. Gaquiere,Member, IEEE, B. Bonte, E. Bourcier,

D. Theron,Member, IEEE, X. Wallart, and Y. Crosnier

Abstract— In this letter, we report on the state-of-the-art
combination at V-band between simultaneously power density
(370 mW/mm), power-added efficiency (28.3%), and power gain
(5.2 dB) of InP pseudomorphic HEMT’s biased at a low drain
voltage of 2 V. The performance of these double delta-doped
pseudomorphic AlInAs/GaInAs HEMT’s on InP with an original
strain compensated channel was measured at 60 GHz. This
demonstrates a good potentiality for low-voltage applications in
order to reduce the power supply of systems.

I. INTRODUCTION

A LOT of work has been done on InP-based HEMT’s
for low-noise or low-power applications because they

demonstrated higher microwave performance superior than
those of any other transistor [1]. In the case of low noise,
many devices have been realized with a lattice-matched chan-
nel, allowing a high conduction band discontinuity at the
InGaAs/InAlAs heterostructure interface, an excellent electron
mobility, and peak velocity in the InGaAs channel [2]. These
advantages can be improved by increasing the indium mole
fraction [3]. In the case of power amplifiers, high breakdown
voltages are more crucial than for low-noise amplifiers. That is
why many authors have reported structures where the channel
is often lattice matched [4], [5] and the aluminum fraction
in the Al In As barrier is increased. To our
knowledge, the best result in term of output power with an
InP-based HEMT at around 60 GHz has been obtained by
Matloubianet al. [4] with an output power of 180 mW (400
mW/mm), a power-added efficiency (PAE) of 27%, and 3-dB
gain at 3.5-V drain-to-source voltage.

However, in the case of low-supply applications, the dc
bias is limited [6]. Hence, to obtain high power density, it
is necessary to achieve high current density. For this reason,
in this work we report the fabrication and measurements of
an original InP power PHEMT with a strain-compensated
channel and two delta-doped planes in order to reach a
very high current density. A high aluminum fraction in the
barrier has also been inserted to increase the conduction band
discontinuity. Power measurements at 60 GHz represent to our
knowledge the best combination between a power density of
370 mW/mm, a PAE of 28.3%, and power gain of 5.2 dB.

Manuscript received August 4, 1997. This work was supported by the
French MOD (DGA).

The authors are with the Institiut d’Electronique et de Microelectronique
du Nord, 59652 Villeneuve D’ASCQ, France.

Publisher Item Identifier S 1051-8207(98)00862-9.

II. DEVICE DESIGN

To achieve high current densities with power HEMT’s,
we have used, an original strain-compensated layer. A cross
section of the power HEMT considered is shown in Fig. 1.
The layers were grown by molecular beam epitaxy on a
semi-insulated InP substrate. The buffer consists of a 100-
nm AlInAs layer and a 300-nm-thick AlInAs layer grown at
low temperature (400C). The active part of the structure is a
15-nm Ga In As pseudomorphic channel with two 5-nm
AlInAs spacer layers on both side of the channel. The bottom
AlInAs layer is lattice matched with a-doped plane at 2
10 cm . To improve the Schottky-barrier height of the gate,
a 15-nm undoped pseudomorphic Al In As layer with a
-doped plane of 4 10 cm was grown. Finally, a 7-nm

doped (5 10 cm ) GaInAs layer was grown to facilitate
ohmic contact formation. The two-dimensional electron gas
(2-DEG) was formed in the pseudomorphic GaInAs channel
by electron transfer from silicon doping above and below
the AlInAs layer. The dual -doped structure provides high
carrier concentration in the channel and leads to a high current
density which benefits the power device performance. Hall
measurements indicate, at room temperature, an electron sheet
charge density of 4.6 10 cm with an approximate
mobility of 15 000 cm/V s. The fabricated device has a total
gate width of 2 50 m with a 0.25- m gate length.

III. D EVICE PERFORMANCE

These InP HEMT’s have demonstrated a peak transcon-
ductance Gm of 800 mS/mm. They exhibit a full channel
current of 1480 mA/mm (defined as the drain saturation
current density measured at a gate-to-source voltage of 0.6 V)
measured at a drain to source voltage of 2 V. The gate-to-
drain or gate-to-source diodes breakdown voltages measured
at 1 mA/mm of gate current are 4.5 V. The turn-on voltage
and the pinch-off voltage are, respectively, 0.9 and2.5 V.

-parameter measurements of the devices were performed
from 0.5 to 75 GHz using automatic network analyzers. An
intrinsic current gain cutoff frequency of 105 GHz and
a maximum available gain of 10 dB at 60 GHz have been
obtained at a drain bias of 2 V. The power performance of
the HEMT were measured at 60 GHz using an on wafer
probe system. Mechanical tuners were adjusted to obtain
maximum output power and minimum reflected input power.

1051–8207/98$10.00 1998 IEEE
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Fig. 1. Cross section of the double�-doped pseudomorphic Al0:65In0:35As/ Ga0:35In0:65As/InP HEMT.

Fig. 2. Power characteristics at 60 GHz for the following bias conditions:
Vds = 2 V and Vgs = �1:5 V.

The measured input and output power were corrected in order
to take into account the losses of the probes and the waveguide.
The measured power performance of devices biased at a
of 2 V and of 1.5 V to operate in class A are shown in
Fig. 2. They have demonstrated a maximum output power of
15.7 dBm corresponding to a power density of 370 mW/mm
with a PAE of 28.3% and 5.2-dB gain. In order to compare
our results with other power devices at 60 GHz on InP HEMT,
we report Fig. 3 a graph with the most significantly published
results. Even if our devices exhibit a power density slightly
inferior to the other, it seems to be the best compromise
between the three items: power density, gain, and efficiency.
We have obtained less power density but much more PAE

Fig. 3. Comparison of the state-of-the-art power density, PAE, and power
gain on discrete devices at about 60 GHz on InP.

and gain than devices numbered 3, 4, 5 and 6. The devices
numbered 2 have a slightly better PAE (30%) than our devices
but a gain and power density inferior. That is why we can
consider that, to our best knowledge, we have achieved the
state-of-the-art combination between simultaneously power
density, PAE, and power gain.

The fabricated double -doped HEMT has demonstrated
good potentiality for low-voltage operation in power condi-
tions. The reduction of the power consumption of circuits
allows to decrease the number of the battery cells and then
to the reduction of the size and weight of systems.

IV. CONCLUSION

In this letter, we report on state-of-the-art combination
between power density, PAE, and power gain on original InP
PHEMT’s with a strain compensated layer. Power measure-
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ments at 60 GHz have given a power density of 370 mW/mm
with a PAE of 28.3% and 5.2-dB gain at a low drain-to-
source voltage of 2 V. These devices exhibit a current density
as high as 1480 mA/mm. They have demonstrated a good
potentiality for low-voltage operation in order to reduce the
power consumption of systems. By further optimization of the
gate recess dimensions and also incorporating a 0.15-m gate
length in our power PHEMT’s, we expect some improvement
of the power performance of these transistors in V-Band.
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Composition effect on the growth mode, strain relaxation, and critical
thickness of tensile Ga 1Àx InxP layers
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In this work, we compare the growth and relaxation behavior of tensile Ga0.7In0.3P/GaAs and
Ga0.2In0.8P/InP layers using reflection high-energy electron diffraction, double-crystal x-ray
diffraction, and atomic-force microscopy. Although the lattice mismatch is similar in both cases, we
show that the relaxation process and the related critical thickness are very different and, hence,
drastically dependent on the alloy composition. We interpret this result considering the predicted
composition range for which alloy decomposition should occur. ©2000 American Institute of
Physics.@S0003-6951~00!05215-3#
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Up to now, the reported work on strained-layer grow
and relaxation of III–V semiconductors has been mai
concerned with two material systems, i.e., GaInAs/Ga
~Refs. 1 and 2! and GaInAs/InP.3,4 From the great amount o
reported studies, a picture of the relaxation behavior of co
pressive strained layers has emerged with the main emph
put on the elastic strain value. Briefly, for strain values abo
2%, elastic relaxation occurs first via the formation of coh
ent islands on the surface, what is called the two-dimensio
to three-dimensional~2D–3D! growth-mode transition. On
the contrary, for strain values below 2%, plastic relaxat
occurs first. The case of tensile layers is less straightforw
since the two above-mentioned relaxation processes s
more or less driven by the development of the surface rou
ness during growth. Regarding the relaxation behavior
strained GaInP layers, Matraganoet al.5 have investigated
the relaxation of slightly strained~60.5%! GaInP layers
grown on GaAs by metalorganic chemical-vapor deposit
~MOCVD! using double-axis x-ray diffraction. They sho
that strain relaxes anisotropically and that the anisotrop
more pronounced for tensile samples than for compres
ones. This anisotropy is also discussed by Bensaadaet al.6

for slightly tensile GaxIn12xP layers (0.01,x,0.12) on InP
obtained by MOCVD and observed by Cohen a
co-workers7,8 who report a critical thickness of 500 Å fo
Ga0.25In0.75P tensile layers grown on InP by metalorgan
molecular-beam epitaxy~MOMBE!. Gonzalezet al.9 have
studied the relaxation behavior of compressive Ga12xInxP
layers (0.53,x,0.70) and show that neither doping n
growth conditions have a strong influence on relaxation.

However, in most of the reported work on the relaxati
of GaInP alloys as well as on other alloys, strain and co
position effects are always correlated since the strain va
tion is obtained via a composition modification and vi
versa. In this work, using reflexion high-energy electron d
fraction ~RHEED!, double-crystal x-ray diffraction
~DCXRD!, and atomic-force microscopy~AFM!, we com-
pare the relaxation of tensile strained Ga0.7In0.3P layers on
GaAs~001! and Ga0.2In0.8P layers on InP~001! substrates. We
show that although the lattice mismatch is similar in bo

a!Electronic mail: xavier.wallart@iemn.univ-lille1.fr
2080003-6951/2000/76(15)/2080/3/$17.00
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cases~11.4%!, the relaxation process is drastically differe
for the two alloy compositions under consideration. We
terpret this result in term of spinodal decomposition of t
GaInP alloys.

The samples are grown by gas-source molecular-be
epitaxy ~Riber 32P! using cracked phosphine and arsine
element-V sources and standard effusion cells for elem
III, on semi-insulating~001! GaAs or InP substrates. On th
GaAs substrates, strained layers were grown either dire
on a GaAs buffer layer or on a lattice-matched~LM ! GaInP
buffer layer. In the former case, after the growth of a Ga
buffer layer at 580 °C, the substrate temperature is lowe
down to 520 °C during a 3 min growth interruption. The
arsine flux is vented when the substrate temperature rea
550 °C in order to keep a (234) reconstruction. Then, spe
cial care is taken in the gas commutation procedure to m
mize As/P intermixing, i.e., the GaAs surface is exposed
10 s to phosphorus flux before Ga and In shutters are ope
On InP substrates, the strained layer growth is only prece
by the growth of a InP buffer layer at 490 °C. Gallium an
indium fluxes, determining growth rates and alloy compo
tions are measured by RHEED intensity oscillations
GaAs and InP, before the growth. The growth parameter
the strained GaInP layers are kept identical on both s
strates, i.e., a growth rate of 0.7 ML/s and a PH3 flow rate of
3 sccm. 20 keV RHEED patterns are recorded along both
@110# and@1-10# directions. From the analysis of the RHEE
patterns, we deduce the thicknessH3D for which the transi-
tion from a two-dimensional to a three-dimensional grow
mode occurs from the intensity increase of a 3D Bragg d
fraction spot.Ex situAFM images are acquired with a Digi
tal Nanoscope III system working in the tapping mode.

We first investigate the case of tensile Ga0.7In0.3P alloys
grown at 520 °C on a LM GaInP buffer on GaAs substra
for which, during growth, the RHEED pattern exhibits a d
fuse (231) reconstruction. The 2D–3D transition observ
on the evolution of the 3D Bragg spot intensity@Fig. 1~a!#
occurs abruptly around 1 ML. The increase of the ph
phorus flux by a factor of 2 has no effect. At the 2D–3
transition, the RHEED pattern along the@110# direction ex-
hibits 3D Bragg spots, whereas it shows a very diffuse p
tern along the@1–10# direction with ‘‘chevrons.’’ This indi-
cates the formation of 3D islands, elongated along
0 © 2000 American Institute of Physics
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@1–10# direction. This value ofH3D is abnormally small
since it is similar to that which we measure, in the sa
conditions, for the growth of GaP on GaAs for which th
lattice mismatch is13.6%.10

Since it has been reported that the buffer layer c
greatly influence the 3D growth mode,11 we then grow
Ga0.7In0.3P alloys directly on a GaAs buffer taking care
the gas commutation sequence as discussed above. As c
seen in Fig. 1~b!, we note a similar rapid increase of the 3
Bragg spot intensity around 2 ML. This weak difference c
be attributed to some residual As/P intermixing which low
the strain of the growing layer. Nevertheless, the chang
the buffer layer modifies only very slightly the relaxatio
and the transition to a 3D growth mode occurs very rapid
This 3D growth mode is further confirmed by the AFM im
ages of Fig. 2. A 60-Å-thick Ga0.7In0.3P film grown on a LM
GaInP buffer layer@Fig. 2~a!# exhibits a peak-to-peak rough
ness of 50 Å and a random growth of 3D structures el
gated along the@1–10# direction, as was deduced from th
RHEED pattern. These structures are rather similar in F
2~b! to a 120-Å-thick Ga0.7In0.3P film grown directly on a
GaAs buffer, the peak-to-peak roughness being sligh
higher in this case and reaching 65 Å, due to the larger la
thickness.

We then study the growth of tensile strained Ga0.2In0.8P
alloys on InP at 520 °C. In this way, we can separate st
effects from compositional effects. Indeed, if the critic
thickness is only determined by strain, the results should
the same for GaAs or InP substrates. During the growth
the strained layers on InP, the surface exhibits a (234) InP-
like reconstruction, suggesting In segregation. The RHE
pattern does not exhibit a sharp 2D–3D transition but rat
a growth roughening around 30 ML. This behavior is
agreement with the observations of Gendry and Hollinge12

on the relaxation of tensile GaInAs layers on InP. Indeed,
a substrate temperature of 525 °C and for strains below
they report a roughening of the surface rather than a 2D–
transition. In order to get insight into the critical thickness
this case, we performed DCXRD experiments on Ga0.2In0.8P
layers of different thickness ranging from 110 to 700 Å. T
spectra are displayed in Fig. 3 together with the simulati
assuming a perfect pseudomorphic growth. Clearly, for
110 Å layer, there is a good agreement between the exp
mental and simulated spectra. For the 280 Å layer, the
perimental layer peak is slightly less intense and broa

FIG. 1. Evolution of the 3D Bragg spot intensity vs thickness for Ga0.7In0.3P
layers grown at 520 °C either on a lattice-matched GaInP buffer layer~a! or
on a GaAs buffer layer~b!.
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than the simulated one and the Pendello¨sung oscillations are
hardly distinguishable, indicating that plastic relaxation h
started to occur. Finally, for the 700 Å case, the disagr
ment between experiment and simulation as regards the l
peak intensity, width, position, and the lack of Pendello¨sung
oscillations evidences an advanced state of layer relaxa
We can then conclude that the 280 and 700 Å layers

FIG. 2. AFM image of a 60-Å-thick Ga0.7In0.3P layer grown at 520 °C on a
lattice-matched GaInP buffer layer~a! and of a 120-Å-thick Ga0.7In0.3P layer
grown at 520 °C on a GaAs buffer layer~b!.

FIG. 3. DCXRD spectra and related simulations assuming pseudomor
growth for 110-, 280-, and 700-Å-thick Ga0.2In0.8P layers grown at 520 °C
on InP.
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partially plastically relaxed, whereas the 110 Å one is s
pseudomorphic or at the very early stages of relaxation.

Figure 4 displays the AFM images obtained on the
samples. On the 110-Å-thick film@Fig. 4~a!# atomic steps are
clearly resolved, evidencing a step-flow growth mode a
the 2D character of the layer. Moreover, this image also
veals the presence of lines oriented along the@1–10# direc-
tion. The origin of these lines could be associated with
formation of misfit dislocations. We observe these lines o
in the @1–10# direction, indicating that the film is at the ver
early stages of plastic relaxation. On the contrary, the 7
Å-thick layer @Fig. 4~b!#, although still bi-dimensional, ex
hibits a cross-hatched surface characteristic of a more
vanced state of relaxation. These observations are in g
agreement with RHEED and DCXRD results. They confi
that the critical thickness for plastic relaxation of Ga0.2In0.8P
alloys on InP at 520 °C is 110 Å, rapidly following th
growth roughening observed by RHEED after 90 Å. Th
value is significantly lower than that of 500 Å reported
Cohen and co-workers7,8 for the growth of Ga0.25In0.75P on
InP by MOMBE. Since the growth temperature is rath
similar in both cases, this difference may be ascribed to
investigation methods since Cohen and co-worker ma
use DCXRD. Indeed, we can note from the above results
AFM is more sensitive than DCXRD in detecting the ons
of relaxation, suggesting that the value reported by Co
and co-workers is probably overestimated.

The observed composition effect can hardly be ascri
to surface diffusion kinetics. Indeed, on InP substrates,
tensile layers are obtained for higher In contents than on

FIG. 4. AFM images of 110-Å-thick~a! and 700-Å-thick~b! Ga0.2In0.8P
layers grown at 520 °C on InP.
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GaAs ones. Since, for a given substrate temperature, In
oms are more mobile than Ga ones, one would expect
higher In contents would promote a three-dimensio
growth mode and, hence, then the critical thickness would
smaller on InP than on GaAs substrates, which is not
case.

In order to get insight into this behavior, we consider t
data on the spinodal decomposition of alloys reported
Wei, Ferreira, and Zunger.13 At 520 °C, for Ga12xInxP, the
indium composition range related to the spinodal dom
roughly extents from 0.15 to 0.50~whereas no decompos
tion occurs for GaInAs at this temperature!. Considering now
the case of Ga0.7In0.3P/GaAs, according to these data, allo
decomposition should occur, resulting in the formation
Ga0.5In0.5P and Ga0.85In0.15P alloys. Clearly, in this case, th
Ga-rich alloy determines the critical thickness. This cou
explain the measured value of 1–2 ML. On the other ha
for Ga0.2In0.8P/InP, the alloy composition is far from th
composition range of spinodal decomposition. This expla
why, for a similar mismatch~11.4%!, the critical thickness
is higher in this case. Of course, this explanation is o
based on thermodynamic arguments neglecting strain an
netics effects but seems to be a good starting point. M
detailed models are then needed to take into account
interplay between alloy decomposition, strain, and kine
effects, as well as the detailed structure of the growth fro
the surface roughness, and the In segregation.

In this work, using RHEED, DCXRD, and AFM, we
show that the relaxation of tensile Ga0.7In0.3P/GaAs layers
and of Ga0.2In0.8P/InP layers is drastically different althoug
the lattice mismatch is the same in both cases. T
Ga0.7In0.3P/GaAs layers exhibit a 2D–3D transition for a
abnormally small thickness of 1–2 ML. On the other han
the critical thickness for Ga0.2In0.8P/InP layers lies around
100 Å and the films relax via the formation of misfit dislo
cations. This clearly evidences the effect of the alloy co
position on the relaxation of tensile GaInP layers. Consid
ing the composition range in which alloy decomposition c
occur allows us to explain the observed results.
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Interplay between segregation, roughness, and local strains
in the growth of Ga 0.75In0.25P alloy

X. Wallart,a) C. Priester, D. Deresmes, and F. Mollot
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In this work, using reflexion high energy electron diffraction and atomic force microscopy, we
compare the growth of strained Ga0.75In0.25P alloys on GaAs~001! and GaP~001! substrates. We
show that although the absolute strain value is similar in both cases, the transition from a
bidimensional to a three-dimensional growth mode occurs much faster in the tensile case than in the
compressive one. We interpret this result with a microscopic theoretical model which takes into
account the interplay between a weak surface roughness, In vertical and lateral segregation, and
strain effects. ©2000 American Institute of Physics.@S0003-6951~00!00828-7#
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The growth of strained epitaxial III–V semiconduct
layers has attracted a lot of interest in the last decade du
improved electronic properties, as well as from a fundam
tal point of view of growth process studies. Up to now, r
ported work has been mainly devoted to the GaInAs alloy
which a combination of growth experiments on GaAs a
InP substrates allows a rather complete study of the a
growth for both compressive and tensile strains.

As an aluminum-free alloy with a rather large bandga
GaInP is an interesting candidate for microwave and op
electronics applications. However, growth of strained Ga
alloys1–5 is much less documented than that of GaInAs on
However, using both GaAs and GaP substrates, the cas
compressive and tensile strains can be investigated for v
ous alloy compositions. In recent studies, we reported on
abnormal relaxation behavior observed for the growth of t
sile GaInP layers on GaAs.6 Briefly, during the growth of
Ga0.7In0.3P on GaAs (Da/a511.4%) at 520 °C, the two-
dimensional to three-dimensional~2D–3D! transition is ob-
served for a deposited thickness around 1–2 monola
~MLs! which is much less than the critical thickness me
sured for the 2D–3D transition in the case of tens
Ga0.75In0.25As layers on InP7 (Da/a512%) at 525 °C,
varying from 11 to 17 MLs according to the growth cond
tions. This difference could be attributed to spinodal deco
position which, for GaInP alloys near 500 °C, is predicted
occur for an indium content between 0.15 and 0.50 wher
at the same growth temperature, no decomposition is
pected for GaInAs alloys.8 However, this explanation only
relies on thermodynamic arguments for bulk materials a
neglects the effect of strain and surface growth mechanis
As regards the strain, the works of Cahn9 and Glas10 support
the fact that only the absolute strain value affects the s
odal decomposition.

In order to test this hypothesis, using reflexion high e
ergy diffraction ~RHEED! and atomic force microscop
~AFM!, we investigate the growth of the Ga0.75In0.25P alloy
both in compressive strain on GaP~001! substrates (Da/a
521.9%) and in tensile strain on GaAs~001! substrates

a!Electronic mail: Xavier.Wallart@IEMN.Univ-Lille1.fr
2530003-6951/2000/77(2)/253/3/$17.00
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(Da/a511.8%). We show that although the alloy comp
sition and the absolute strain value are the same in b
cases, the relaxation behavior is very different and hence
hardly be accounted for in terms of spinodal decomposit
of the alloy. We then tentatively explain our results with
the frame of a model which takes into account the interp
between In segregation, surface roughness, and strain eff

Samples are grown by gas source molecular beam
taxy ~Riber 32P! using cracked phosphine and arsine as e
ment V sources and standard effusion cells for elements
on semi-insulating~001! GaAs and undoped~001! GaP sub-
strates. On GaAs substrates, strained layers are grown e
directly on a GaAs buffer layer or on a lattice matched~LM !
GaInP buffer layer. In the former case, after the growth o
GaAs buffer layer at 580 °C, the substrate temperature
lowered down to 520 °C during a 3 min growth interruption.
The arsine flux is vented when the substrate tempera
reaches 550 °C in order to keep a (234) reconstruction.
Then special care is taken in the gas commutation proce
to minimize As/P intermixing, i.e., the GaAs surface is e
posed to phosphorus flux for 10 s before Ga and In shut
are opened. On GaP substrates, the strained layer grow
preceded by the growth of a GaP buffer layer at 600 °C. T
substrate temperature is then lowered down to 520 °C du
a 3 min growth interruption and the phosphine flux is ven
when the substrate temperature reaches 550 °C. Gallium
indium fluxes, determining growth rates and alloy compo
tions, are measured by RHEED intensity oscillations
GaAs and InP before the growth. The growth parameters
the strained GaInP layers are kept identical on both s
strates, i.e., a growth rate of 0.7 ML/s and a PH3 flow rate of
3 sccm. 20 keV RHEED patterns are recorded along eit
the @110# or the @11̄0# directions. From the analysis of th
RHEED patterns, we deduce the thicknessH3D for which the
transition from a two-dimensional to a three-dimension
growth mode occurs from the intensity increase of a
Bragg diffraction spot.Ex situ AFM images are acquired
with a Digital Nanoscope III system working in the tappin
mode.

We first investigate the case of tensile Ga0.75In0.25P al-
loys grown at 520 °C on a LM GaInP buffer on GaAs su
© 2000 American Institute of Physics
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254 Appl. Phys. Lett., Vol. 77, No. 2, 10 July 2000 Wallart et al.
strates for which, during growth, the RHEED pattern exh
its a diffuse (231) reconstruction. The 2D–3D transitio
occurs abruptly for 1–2 MLs@Fig. 1~a!#. At the 2D–3D tran-
sition, the RHEED pattern along the@110# direction exhibits
3D Bragg spots whereas it is very diffuse along the@1–10#
direction with ‘‘arrow-head shapes.’’ This indicates the fo
mation of 3D islands, elongated along the@1–10# direction.
This value ofH3D is abnormally small for a11.8% lattice
mismatch since it is similar to that we measure, in the sa
conditions, for the growth of GaP on GaAs for which th
lattice mismatch is13.6%.6

It has been reported that the buffer layer can grea
influence the 3D growth mode of InAs on InP.11 However, in
our case, when Ga0.75In0.25P is grown directly on a GaAs
buffer taking care of the gas commutation sequence as
cussed above, the only observed difference with respec
the case of growth on a LM GaInP buffer layer is a slig
increase of theH3D thickness to 2–3 MLs. Figure 2~a! shows
the AFM image of a 55 Å thick Ga0.75In0.25P film grown on
GaAs, which exhibits a peak-to-peak roughness of 40 Å
a random growth of 3D structures elongated along
@1–10# direction as was deduced from the RHEED patter

FIG. 1. 3D Bragg spot intensity evolution vs thickness for Ga0.75In0.25P
layers grown at 520 °C either on GaAs~a! or on GaP~b!.

FIG. 2. AFM image of a 55 Å thick Ga0.75In0.25P layer grown at 520 °C on
a GaAs buffer layer~a! and of a 75 Å thick Ga0.75In0.25P layer grown at
520 °C on a GaP buffer layer~b! ~top views!.
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We then consider the growth of compressively strain
Ga0.75In0.25P layers on GaP (Da/a521.9%). During
growth, starting with the (234) GaP reconstruction, the
RHEED pattern turns first to a (232) one as long as 2D
growth proceeds. When thickness increases, the (232) re-
construction progressively vanishes before the onset of
growth, occurring around 10 MLs, significantly larger tha
theH3D measured in the previous case. More, at the 2D–
transition, 3D Bragg spots are now observed along
@1–10# direction whereas arrow-head shapes appear a
the @110# one. This indicates the formation of 3D island
elongated along the@110# direction. The AFM image of a 75
Å thick Ga0.75In0.25P @Fig. 2~b!# confirms the RHEED obser
vations and evidences the formation of very well defin
wire-like structures along the@110# direction with a peak-to-
peak roughness around 70–80 Å.

As regards the above results, the measured critical th
ness for the 2D–3D growth mode transition of Ga0.75In0.25P
compressive layers~10 MLs! lies in the same range as th
reported for the growth of Ga0.7In0.3As on GaAs12 ~9 MLs!,
so that we can infer that the involved relaxation processes
mainly similar in both cases. On the other hand, the rel
ation process seems very different for the tensile layers
though the composition and the absolute strain value
similar. This difference can hardly be explained by som
spinodal decomposition of the alloy, since it is expected t
this would affect tensile and compressive layers in the sa
way, which is obviously not the case.

In order to introduce surface and growth mechanis
and take advantage of previous work reported on AlInAs,13,14

FIG. 3. Cross and top section views of the growth of Ga0.75In0.25P on a
rough surface with humps~a! and holes~b! after 5 MLs deposited thickness
on GaAs~tensile case!. Indium-rich atomic rows correspond to darker sym
bols and Ga-rich rows to brighter symbols.
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we develop a microscopic model combining the effect of
segregation, surface roughness, and strain effects. Detai
the model are given elsewhere.13 Briefly, for the sake of
simplicity, we consider two types of surface roughne
either made of 2–3 MLs high platelets or made of 2–3 M
deep holes. We consider periodic systems with two hump
two holes per period. This type of surface morphology
though to describe well a growth front morphology within
bidimensional growth mode. The used period size~which
corresponds to a somewhat ‘‘theoretical diffusion length’’! is
about 100–200 Å, which is smaller than typical diffusio
lengths under usual growth conditions. This ensures the
evance of the description. As regards In segregation, as
diffusion is negligible at usual molecular beam epita
~MBE! growth temperature, the allowed exchange of catio
belong either to the surface layer or to the underlying lay
Then, for modeling the growth process itself, one ML
random alloy is deposited on the surface and allowed to
change all over the period. Figures 3 and 4 depict the va
tions of the alloy composition according to this model for t
tensile and compressive Ga0.75In0.25P alloys, respectively, af
ter the deposition of 5 MLs for the two types of consider
surface roughness~holes or platelets!. Clearly, in the tensile
case~Fig. 3!, we note strong composition modulations ass
ciated with the formation of a locally Ga-rich alloy at the to
of the humps and In-rich alloy in the holes. On the contra
for the same deposited thickness in the compressive
~Fig. 4!, composition modulations are much less pronoun
and the alloy looks rather like a random one. We can se

FIG. 4. Cross and top section views of the growth of Ga0.75In0.25P on a
rough surface with humps~a! and holes~b! after 5 MLs deposited thicknes
on GaP~compressive case!. Indium-rich atomic rows correspond to darke
symbols and Ga-rich rows to brighter symbols.
on
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rate the physics included in our model into two parts. Fir
the roughness combined with surface tension criterions le
to some vertical and lateral cation segregation~In accumula-
tion at the surface, near the sloping areas in both syste!.
The second point differentiates between the two cases
GaInP/GaAs, both binaries are mismatched to the subst
the strain-induced decomposition is efficient all over the s
tem and develops, inducing an early 2D–3D growth mo
transition. This is not the case for GaInP/GaP where the
rich areas spread all over the system with no adding driv
force for segregation.

On InP substrates, surface roughening has already b
reported to be important in the growth of tensi
Ga0.75In0.25As layers and responsible for a lower 2D–3
critical thickness than that measured for the growth of co
pressive Ga0.18In0.82As layers.15 However, in this study, the
absolute strain value is similar in both cases~tension and
compression!, but the alloy compositions are largely diffe
ent, making a detailed comparison difficult. Here, consid
ing the growth of the same alloy on two different substrat
we show that the surface roughness promotes large com
sition modulations in the tensile case and hence strongly
fects the 2D–3D critical thickness whereas its effect is mu
less important in the compressive case.

To summarize, using RHEED and AFM, we have inve
tigated the growth of Ga0.75In0.25P alloys on both GaAs~001!
and GaP~001! substrates at 520 °C. We have observed t
the critical thickness for the 2D–3D growth mode transiti
is largely smaller in the tensile case~on GaAs! than in the
compressive case~on GaP! although the absolute strain valu
is the same in both cases. Then, we have shown that t
results can be correctly explained by a microscopic mo
taking into account the interplay between In segregation
weak surface roughness, and strain effects.

The authors are grateful to C. Coinon for his technic
assistance in the MBE experiments.
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Relationship between surface reconstruction and morphology of
strained Ga 1Àx InxP layers grown on GaP „001… by gas-source
molecular-beam epitaxy
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We study the growth of strained Ga12xInxP layers on GaP~001! by gas-source molecular-beam
epitaxy for x varying from 0.25 to 1. At a growth temperature of 520 °C, we find two main
differences with respect to the well known GaInAs/GaAs system. First, for 0.25<x<0.5, we
observe the development of wire-like structures oriented along the@110# direction and on the other
hand, the growth of InP on GaP leads to the formation of huge dots in small density. The influence
of the growth parameters such as the growth temperature or the phosphine flow rate is presented.
The whole set of results is discussed in light of recent work on the phosphide surface reconstructions
with a particular emphasis on the role of the cation-rich one. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1371242#
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The formation of three-dimensional~3D! structures dur-
ing the growth of strained layers has become a subjec
great interest in recent years. In the III–V semiconduc
field, most of the studies have been concerned with
growth of the GaInAs alloy on GaAs or InP. In these sy
tems, apart from the strain value, previous work has stres
the influence of the surface reconstructions1 and the nature of
the buffer layer2 on the onset of 3D growth and on the 3
morphology. In comparison with the growth of strained a
enides, the growth of strained phosphides is much less d
mented, especially considering molecular-beam epit
growth. Previous work on the growth of strained GaInP
loys have mainly focused on the growth on GaAs3 or InP4,5

substrates whereas a few studies have explored the grow
InP on GaP either by organometallic vapor-phase epitax6,7

or by chemical beam epitaxy.8 However, no systematic stud
on GaP substrates has been undertaken.

In this work, using reflection high-energy electron d
fraction ~RHEED! and atomic force microscopy~AFM!, we
investigate the growth of strained GaInP layers on GaP~001!
substrates by gas-source molecular-beam epitaxy. Signifi
differences exist with respect to the case of arsenides an
show that they can be accounted for considering recen
sults on phosphide surface reconstructions and we espec
point out the role of the (234) cation-rich reconstruction.

Samples are grown by gas-source molecular-beam
taxy ~Riber 32P! using cracked phosphine and standard ef
sion cells for elements III, on undoped~001! GaP substrates
The strained layer is preceded by a 2000-Å-thick GaP bu
layer grown at 600 °C. The temperature is then lowe
down to 520–400 °C during a 3 min growth interruption,
then the strained layer is grown. Gallium and indium flux
determining growth rates and alloy compositions, are m
sured by RHEED intensity oscillations on GaAs and In
respectively, before the growth. The growth rate of t

a!Electron mail: xavier.wallart@iemn.univ-lille1.fr
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strained GaInP layers lies in the 0.3–0.7 monolayer per s
ond ~ML/s! range except for the growth of InP for which
has been reduced to 0.1 ML/s. We have used 2PH3 flow rate
values. The first one is a standard value~3 sccm in our sys-
tem! we use to obtain good quality InP or lattice match
GaInP layers on GaAs and hereafter referred as the stan
P2 flux. The second one is three times higher~9 sccm! and is
hereafter referred as the high P2 flux. 20 keV RHEED pat-
terns are recorded along both the@110# and the@1-10# direc-
tions on two different samples.Ex situAFM images are ac-
quired with a Digital Nanoscope III system working in th
tapping mode.

We first examine the growth of strained Ga12xInxP al-
loys for 0.25<x<0.5. During the growth at 520 °C with a
standard P2 flux, whatever the In content, starting with th
(234)GaP reconstruction, the RHEED pattern immediat
changes to a (232) one as long as 2D growth proceed
When thickness increases, the (232) reconstruction pro-
gressively vanishes and the transition from a 2D to a
growth mode occurs. At the 2D–3D transition, RHEED 3
Bragg spots are observed along the@1-10# direction, whereas,
along the@110# direction, the pattern is very diffuse with
arrow-head shapes. This indicates the formation of elonga
platelets along the@110# direction which is further confirmed
by the AFM image@Fig. 1~a!# exhibiting wire-like structures
along the@110# direction. This is markedly different from the
Ga12xInxAs//GaAs case for which circular dots are observ
for 0.3,x,0.5.9 Wire-like structures have been reported f
the growth of InAs on InGaAs2 under As-rich conditions bu
these structures are elongated along the@1-10# direction. In
this case, the orientation of the wire-like structures can
explained from a kinetic point of view by an enhanced s
face diffusion of the impinging cations along the dimer row
and from an energetic point of view by a preferential dev
opment of straight step edges along the@1-10# direction, both
typical of the As-stabilized arsenide surfaces.10,11

This elongated morphology is strongly modified by
increase of the P2 flux. Indeed, under the high P2 flux, the
1 © 2001 American Institute of Physics
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RHEED pattern exhibits first a faint (332) reconstruction
before turning to the (232) one and, at the onset of 3D
growth, Bragg spots are observed in both azimuths. Thi
characteristic of the formation of dots as revealed by
AFM image of Fig. 1~b!.

Turning now to the case of the growth of InP on GaP,
520 °C with a standard P2 flux, the RHEED pattern exhibits a
(232) reconstruction before Bragg spots appear along b
azimuths. The 2D–3D transition occurs abruptly at 2.1 M
~Fig. 2!. The film morphology after deposition of 3.3 MLs
characterized by two families of islands@Fig. 3~a!#. The first
one corresponds to huge islands~;1 mm wide, ;2000 Å
high! with a low density around 106/cm2. The second one is
related to smaller dots~;1000 Å wide,;400 Å high! with a
higher density around 107/cm2. Using the high P2 flux at the
same growth temperature does not modify the RHEED p
tern neither the critical thickness but leads to an increas
the dot density to 43108/cm2 with a more homogeneous do
size~;1000 Å wide,;400 Å high!. Then, at 520 °C, we ge
rather large dots with a small density which is very differe
from the InAs/GaAs system12 where typical islands are 200
300 Å wide and a few tens of angstroms high with a mu

FIG. 1. AFM images of a 27-ML-thick Ga0.75In0.25P layer grown on GaP a
520 °C under a standard P2 flux ~a! and of a 26-ML-thick Ga0.7In0.3P layer
grown on GaP at 520 °C with a high P2 flux ~b!.

FIG. 2. RHEED Bragg spot intensity evolution during the growth of InP
GaP at 520 °C~full line! and 400 °C~dashed line! under a standard P2 flux.
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higher density above 1010/cm2. On the contrary, when
growth occurs at 400 °C with a standard P2 flux, the RHEED
pattern exhibits a (332) reconstruction before the 2D–3D
transition which, in this case, is less abrupt than at 520 °C
occurs at 1.7 MLs~Fig. 2!. The resulting island size is mor
homogeneous with a mean width of 500 Å, mean height
150 Å and a density around 2.1010/cm2 @Fig. 3~b!#. This dot
size and density are closer to what is observed in the In
GaAs system. Nevertheless, we are left with an unusual
havior since the critical thickness decreases with decrea
growth temperature although kinetic factors usually lead
the increase of the critical thickness when the growth te
perature decreases.13 This implies that the onset of 3D
growth is not kinetically controlled in this case.

In order to get insight into these findings, we consid
recent results reported on the phosphide surf
reconstructions.14–16 According to them, two different (2
34) reconstructions exist for GaP~001! heated under UHV
conditions: a P-rich one, around 500 °C, which looks like t
b2 (234) GaAs one and a Ga-rich one, around 600 °
described by a mixed dimer model, characterized by the
mation of Ga dimers along the@110# direction. For InP~001!,
at 370 °C, Esseret al.14 observe a (234) reconstruction that
they describe by a two-domain surface composed of P-
(231)/(232) and In-rich (234) domains whereas abov
400 °C the observed (234) seems to be only an In-rich re
construction with the mixed-dimer model. Under the sa
experimental conditions, i.e., heating of an InP~001! surface
under UHV, Labellaet al.16 observe a (234) reconstruction
above 310 °C and then ac(238) above 340 °C. They infer
that thec(238) could be probably described by a slight
modify mixed-dimer model. More, these latter authors sh
that under a P2 flux, the only observed reconstruction abo
450 °C is thec(238).

Coming back to our results, under standard P2 flux at
520 °C, we are in experimental conditions for which the

FIG. 3. AFM images after the growth of 3.3 MLs of InP on GaP at 520
~a! and 400 °C~b! under a standard P2 flux.
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34) GaP is P rich whereas the (234) InP is In rich. Then,
during the growth of the GaInP alloy, the two reconstru
tions compete and only the main feature of each one will
preserved. For the P-rich GaP one, the main feature is
formation of P dimers along@1–10# whereas the In-rich InP
one is mainly characterized by the formation of In dime
along @110#. The combination of both In and P dimers the
lead to the observed (232) reconstruction. On the othe
hand, during the growth of strained Ga12xInxP layers on
GaP, In segregation leads to an In enrichment of the surf
For the In content under investigation (0.25<x<0.5), typi-
cal segregation energies of 0.1–0.2 eV17 lead to a surface In
composition above 0.5 at the end of the 2D growth regim
i.e., just before the onset of 3D growth. This in turn impli
that In dimers dominate over P dimers, i.e., that the surfac
rather cation stabilized. In the case of cation-stabiliz
growth of Ga0.18In0.82As on InP, Robachet al.18 observe the
preferential formation of straight step edges along the@110#
direction parallel to the cation dimers which tends to sh
that on cation-stabilized surfaces, 3D structures will pref
entially develop along this direction. This energetic arg
ment of preferential formation of step edges parallel to
cation dimers together with the kinetic argument of an
hanced surface diffusion of the impinging species along
dimer direction~as in the arsenide surface case! are both in
favor of the formation of elongated structures oriented alo
the In dimers direction at the onset of 3D growth. Then d
ing the 3D growth, although the (232) reconstruction van-
ishes due to the surface roughness, we are still in experim
tal conditions which promote the formation of surface
dimers and, hence, of wire-like structures along the@110#
direction@Fig. 1~a!#. The increase of the P2 flux promotes the
formation of P dimers, reducing the number of In surfa
dimers. Hence, the surface is no longer cation stabilized,
rather characterized by a balanced mixture of anion and
ion dimers. In this case, no particular direction is favored
regards the step edges formation as well as the surface
fusion length: this results in the formation of dots instead
wires, in agreement with the observations of Fig. 1~b!.

As regards the growth of InP on GaP at 520 °C, the
32) reconstruction is observed mainly during the growth
the first monolayer when the competition between the t
(234) reconstructions once again occurs. After the 2D–
transition, due to the large mismatch, dots are formed ins
of wires. The large dimensions of these dots are clearly
lated to very large surface diffusion lengths associated w
the In-rich InP surface. This behavior has been observed
GaAs surfaces too for which it has been shown that the
ion diffusivity is higher on the cation-rich surface than on t
anion-rich one.19,20 The increase of the P2 flux in this case
reduces the surface diffusion length and hence the dot
but the general trend is similar. However, when decreas
the growth temperature to 400 °C, the P dimers formatio
favored since this temperature becomes rather close to
transition temperature reported between the P-rich (231)
and the In-rich (234) InP reconstructions. Then, at 400 °C
P dimers dominate and the surface is anion stabilized a
the arsenide case and that is why we observe the same
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cal thickness than in the InAs/GaAs system with rather si
lar dot size. Finally, as regards the increase of the crit
thickness from 1.7 to 2.1 MLs when the growth temperat
is raised, it cannot be explained by In desorption solely si
it has been shown that the re-evaporated In fraction amo
to a few percents only during InP growth at 520 °C.21 Hence,
we relate it mainly to surface energetics and not to kine
factors. The (232) cation-rich reconstruction observed
520 °C is more energetic than the (332) one at 400 °C for
which the formation of surface P dimers is favored. Th
surface tension then delays the 2D–3D transition as also
ported in the arsenide case.1

In this work, we show that the growth of straine
Ga12xInxP layers on GaP~001! presents marked difference
with respect to that of GaInAs on GaAs, i.e., the formation
wire like structures oriented along the@110# direction for
0.25<x<0.5 and the very large size and low density of t
dots formed during the growth of InP on GaP at 520 °C. W
interpret these results considering the competition betw
the P-rich GaP and In-rich InP surface reconstructions oc
ring under our experimental conditions and leading to cati
stabilized surfaces. Finally, we show that when these co
tions are modified in order to promote a P-rich surface, th
the growth tends to behave as in the GaInAs/GaAs case
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Abstract

In this work, we compare the (2� 4) reconstructions of GaP and InP(0 0 1) surfaces. Two different (2� 4) recon-

structions are detected by reflection high energy electron diffraction for both materials. Photoemission experiments

reveal that the high temperature one is cation-rich whereas the low temperature one is anion-rich. High resolution

spectra on the high temperature (2� 4) reconstructions exhibit surface components which are in agreement with what is

expected from the mixed-dimer model in both cases. As regards the low temperature (2� 4) GaP, a second surface

component on the P 2p core level line reveals that two different atomic sites exist for the P-atoms at the surface which is

different from the b2 (2� 4) geometry. The low temperature (2� 4) InP is more phosphorus-rich and turns to be a

mixture between the (2� 1) and the high temperature (2� 4) reconstructions. � 2002 Published by Elsevier Science

B.V.

Keywords: Reflection high-energy electron diffraction (RHEED); Molecular beam epitaxy; X-ray photoelectron spectroscopy; Surface

relaxation and reconstruction; Gallium phosphide; Indium phosphide

1. Introduction

The reconstruction of arsenide surfaces has been
a subject of interest for a long time and now, we
have got a rather detailed picture of the atomic
structure of the main reconstructions observed
during epitaxial growth. Until recently, the situa-
tion was completely different as regards the phos-
phide surface reconstructions for which the
knowledge was relatively poor. However, recent

work has allowed a better insight in the GaP(0 0 1)
and InP(0 0 1) surface reconstructions. Low energy
electron diffraction or reflection high energy elec-
tron diffraction (RHEED) observations performed
on surfaces prepared either by molecular beam
epitaxy (MBE) [1,2] or metalorganic vapor-phase
epitaxy [3,4] reveal three main reconstructions
with decreasing phosphorus coverage: a (2� 2)
then a (2� 1) and finally a (2� 4) one. The (2� 1)
reconstruction has been studied by scanning tun-
neling microscopy (STM) [5], soft X-ray photo-
emission spectroscopy (SXPS) [6] and reflectance
anisotropy spectroscopy (RAS) [7] and the results
have been interpreted in terms of a surface termi-
nated by buckled phosphorus dimers. Using SXPS

Surface Science 506 (2002) 203–212

www.elsevier.com/locate/susc

* Tel.: +33-320-19-78-57; fax: +33 -320-19-78-92.

E-mail address: xavier.wallart@iemn.univ-lillel1.fr (X. Wall-

art).

0039-6028/02/$ - see front matter � 2002 Published by Elsevier Science B.V.

PII: S0039-6028 (02 )01428-0



and STM, Vogt et al. [8] have investigated a more
P-rich (2� 1)/(2� 2) surface for which they pro-
pose a model consisting of P-dimers oriented along
[1 1 0] adsorbed on a complete P-layer. As regards
the less P-rich (2� 4) surfaces, the most striking
feature is the existence of a cation-rich (2� 4) re-
construction which has no counterpart in the
arsenides for which cation-rich surfaces exhibit
a (4� 2) reconstruction. Indeed, Frisch et al. [9]
suggest the existence of at least two different (2� 4)
surface phases for GaP, depending on the Ga
content on the surface. Based on both RAS ex-
periments and density-functional theory in local-
density approximation (DFT-LDA) calculations,
the authors describe the Ga-rich one by mixed Ga–
P dimers on top of a Ga-terminated surface [10]
(mixed dimer model) whereas for the less Ga-rich
one, they suggest the formation of P–P dimers in
a b2 (2� 4) geometry as observed on GaAs. As
regards InP, it appears that the (2� 4) is always
associated with an In-rich surface [11–14] described
by the mixed dimer model [15].

Most of the above results have been derived
from RAS, STM experiments and from DFT-
LDA calculations. Some XPS experiments have
been reported but mainly on the P-rich (2� 1)
surface or on the cation-rich surfaces. That is why,
in this work, we have undertaken a study of GaP
and InP reconstructions by RHEED and XPS
focusing on the anion- and cation-rich (2� 4) re-
constructions. Using angle-resolved XPS, (AR-
XPS) we probe the surface composition whereas
high resolution XPS spectra allows us to determine
the surface components associated with the vari-
ous reconstructions.

2. Experimental

Samples are grown by Gas Source Molecular
Beam Epitaxy in a Riber 32P reactor, using stan-
dard effusion cells for the elements III and cracked
phosphine on undoped GaP(0 0 1) substrates and
Fe doped InP(0 0 1) ones. After the growth of a

2000 �AA thick buffer layer, the samples are cooled
down under phosphorus in order to prepare the
richer P surface. They are then heated up either
under UHV or under a phosphorus flux in order

to examine the various surface reconstructions in
both cases. For some of these, we perform XPS
measurements. In this case, the desired recon-
struction is prepared by a careful heating and
cooling down to room temperature of a P-rich
surface under UHV conditions (pressure in the low
10�10 Torr range) before transferring the sample
to the XPS chamber connected under UHV to
the growth chamber. During cooling down, the
RHEED pattern is monitored to ensure it remains
unchanged. The XPS system is a Physical Elec-
tronics model 5600, modified by SINVACO in
order to analyze 3 in. MBE samples. We use a
monochromatic AlKa X-ray source for which the
ultimate overall resolution as measured from the
FWHM of the Ag 3d5/2 line is 0.45 eV. The ac-
ceptance angle of the analyzer has been set to 14�
and the angle between the incident X-rays and the
analyzer is 90�. The direction of photoelectrons is
given by the polar angle h, as referenced to the
sample surface. To obtain angle dependent XPS
results, the polar angle is varied from 25� to 75�.
The intensity of the various XPS core levels (CLs)
are measured as the peak area after standard
background subtraction according to the Shirley
procedure [16]. Photodiffraction effects are often
prominent on single crystals [17] and, as they
superimpose to the XPS signal variations relative
to the concentration gradient, they can make
concentration profile determination rather difficult.
To minimize these effects, we perform an average
of the different XPS CL intensities with respect
to the azimuth [18]. Then, we calculate intensity
ratios between XPS lines either of P 2p and Ga 3d
or of P 2p and In 4d with close binding energies
[19]. For the high resolution XPS results, we apply
the deconvolution procedure proposed by Joyce
et al. [20]. In this procedure, the Ga 3d and In 4d
CLs are synthesized using Voigt functions by a
doublet for the 3/2 and 5/2 components whereas
the P 2p CL is modeled by a doublet for the 1/2
and 3/2 components. The branching ratios are
theoretical ones and the splitting energies are fixed
at 0.45 eV between Ga 3d3/2 and Ga 3d5/2, 0.86 eV
between In 4d3/2 and In 4d5/2 and 0.85 eV be-
tween P 2p1/2 and P 2p3/2, which are typical values
for these CLs [21]. The best fit is obtained through
a least-square minimization procedure. High res-
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olution spectra have been recorded at a low (25�)
and a high (75�) electron takeoff angles in order
to evidence surface components. These latter are
modeled with the same parameters than the bulk
component, i.e. the Gaussian and Lorentzian
broadening are kept fixed for each component of a
given CL.

3. Results

We first discuss our RHEED observations upon
annealing a phosphorus-rich sample under UHV.
On both substrates, from lower to higher temper-
atures, we first observe a (2� 2) diagram followed
by a (2� 1) one, then appears a low tempera-
ture (2� 4) (LT(2� 4)) pattern and finally a high
temperature (2� 4) (HT(2� 4)) one. The main
feature which allows us to distinguish the LT and
HT (2� 4) is the �4 RHEED pattern observed
when the electron beam is along the [1�1 0] di-
rection. Indeed, in this direction, the LT(2� 4)
exhibit intermediate streaks which are clearly
weaker than the main spots whereas for the HT-
(2� 4), the intermediate streaks sharpen in bright
spots. This is illustrated by the intensity profiles
along the [1 1 0] direction for both reconstructions
in Fig. 1. When performing the annealing under a
phosphorus flux (3 sccm phosphine flow rate in
Fig. 2), the prominent effect for both materials is
to shift the transition temperatures between the

various reconstructions to higher values. The main
differences between GaP and InP are the transition
temperatures between the various reconstructions
(Fig. 2) and also the behavior of the LT(2� 4). In
the case of GaP, this reconstruction occurs within
a rather wide temperature range (100 �C) whereas
for InP, it only exists for a 40 �C temperature
range and the associated pattern is weak. When
performing the annealing under a phosphorus
flux, the LT(2� 4) GaP �4 RHEED pattern ex-
hibits bright intermediate spots characteristic of a
well-ordered surface reconstruction preceding the
evolution towards the HT(2� 4) for which the
intermediate spots are even sharper and brighter.
On the other hand, for InP, the LT(2� 4) �4

Fig. 1. RHEED intensity profiles along the [1 1 0] direction for

the LT and HT (2� 4) GaP reconstructions obtained by

annealing under UHV conditions.

Fig. 2. Evolution of the surface reconstruction versus the an-

nealing temperature for a GaP(0 0 1) (a) and InP(0 0 1) (b)

sample with and without phosphorus flux.
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RHEED pattern remains still characterized by
weak intermediate streaks. Then, at this point,
it is not so clear that the observed LT(2� 4) is
indeed a true reconstruction for InP or only a
transition reconstruction between the (2� 1) and
the HT(2� 4). These trends agree rather well with
previously published results on InP and GaP [2,3].
On InP, we cannot resolve the c(4� 4) observed
by LaBella et al. [2] at low temperatures, neither
the c(2� 8) they detect at high temperatures. In
the following, we now focus on the two different
(2� 4) reconstructions we get.

Turning first to the ARXPS measurements,
Fig. 3 shows the evolution of the P 2p/Ga 3d (a)
and P 2p/In 4d (b) intensity ratios versus the pho-
toelectron takeoff angle for GaP and InP respec-
tively. On this kind of plot, higher values at low
takeoff angles than at high ones are related to a

P-rich surface. This is obviously the case for the
(2� 2) reconstruction for both GaP and InP. The
solid lines in Fig. 3 represent the simulated evo-
lution in a layer-by-layer model for a P-rich sur-
face assuming a phosphorus surface coverage of 2
monolayers (MLs) for GaP and 2.5 MLs for InP.
These findings are in good agreement with those of
Li et al. [4] and Vogt et al. [8] who observe a
phosphorus surface coverage of 2 MLs for the
(2� 2) InP surface. The relative sensitivity factors
between P 2p and Ga 3d or In 4d are needed for the
simulations. We have used the values obtained
for the LT(2� 4) at a 75� takeoff angle in order
to minimize surface effects, since, in both cases,
the evolution is rather flat in this case. For the
LT(2� 4), the evolution of the intensity ratios
is well described by a simulated one assuming
a phosphorus surface coverage of 0.75 (dashed
line) as in a b2 (2� 4) reconstruction. On the
contrary, in the case of the HT(2� 4), we observe
a slight increase of the intensity ratios with in-
creasing takeoff angles, characteristic of a cation-
rich surface. This evolution is rather well depicted
in both cases, assuming that the surface is termi-
nated by a cation plane (short-dashed line). From
these measurements, we conclude that the LT(2�
4) is probably a P-rich surface whereas the HT(2�
4) is a cation-rich surface.

As regards the high resolution XPS results, we
first discuss in details the results relative to GaP
and then compare them to those recorded on InP.
The results of the peak decomposition for the
various surface reconstructions are summarized in
Table 1. Fig. 4a shows the P 2p CLs for the (2� 2),
LT(2� 4) and HT(2� 4) reconstructions for a 25�
electron takeoff angle, evidencing the differences
according to the surface reconstruction. In order
to get insight in the surface components, Fig. 4b
and c compare the P 2p CL for the two different
(2� 4) reconstructions and for two takeoff angles:
a grazing one (25�) which is more surface sensi-
tive and a rather normal one (75�) which is more
bulk sensitive. For the LT(2� 4) surface (Fig. 4b),
the comparison of the P 2p CLs at 25� and 75�
evidences differences both on the high and low
binding energy side whereas for the HT(2� 4)
(Fig. 4c), differences are mainly located on the high
binding energy side of the CL. This indicates that

Fig. 3. Evolution of the P 2p/Ga 3d (a) and P 2p/In 4d (b) in-

tensity ratios versus electron takeoff angle for various GaP and

InP reconstructions. The solid lines are calculated ratios for a P-

rich surface, assuming a phosphorus surface coverage of 2 MLs

for GaP and 2.5 MLs for InP.
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for the LT(2� 4), one more surface component
is needed than for the HT(2� 4) (Fig. 4c). This
is indeed confirmed by the peak decompositions
presented in Fig. 5a and b for a 25� takeoff angle.
In the HT(2� 4) case (Fig. 5b), apart from the
main bulk contribution, only one surface compo-
nent S1 appears at ��0.40/�0.45 eV. For the
LT(2� 4) (Fig. 5a) a second surface component S2
appears at þ0.35/þ0.40 eV. This second surface
component is the main difference between the P 2p
CLs recorded on the two (2� 4) surface recon-
structions.

Fig. 6a and b compare the Ga 3d CLs for the
two different (2� 4) reconstructions, once again at
two electron takeoff angles 25� and 75�. Differ-
ences between the two angles are observed on the
high and low binding energy sides of the peak,
suggesting the presence of two surface compo-
nents. Fig. 7a and b show the result of the peak
decompositions for a 25� takeoff angle. In both
cases, two surface components appear at ��0.55/
�0.60 eV (S1) and �þ0.40/þ0.45 eV (S2). The
difference between the 2 reconstructions arises
from the relative intensity of S1 and S2. In the
LT(2� 4) case (Fig. 7a), the S1 component is very
weak compared to S2 whereas for the HT(2� 4)
(Fig. 7b), S2 decreases and S1 increases which
leads to a rather similar intensity for these two
components.

Turning now to the InP case, the results
recorded on the HT(2� 4) are similar to those
presented above on the HT(2� 4) GaP recon-
struction. The P 2p CL (Fig. 8, dotted line) is very
close to that recorded on the HT(2� 4) GaP sur-
face (Fig. 4a, dotted line). Indeed the peak de-
composition (Fig. 9b) reveals only one surface
component S1 at ��0.25/�0.30 eV from the bulk

peak. The In 4d CL (Fig. 10b) is characterized by
a low binding energy surface component S1 at
��0.50/�0.55 eV and a high binding energy sur-
face component S2 at �þ0.40/þ0.45 eV from the
bulk component.

On the contrary, for the LT(2� 4) InP, the P 2p
CL is very different from that recorded on the
LT(2� 4) GaP (Figs. 8 and 4a, dashed lines), es-
pecially on the high binding energy side of the
peak. Clearly, a new high binding energy compo-
nent is present on both LT(2� 4) and (2� 2) re-
constructions as indicated by the dashed-dotted
line in Fig. 8. This is confirmed in Fig. 9a where
the peak decomposition shows the presence of a
new component S3 at �þ1.10 eV from the bulk
one. For this component the total broadening has
been increased to ensure a good fit. The broad-
ening has been taken from the decomposition of
the P 2p CL on the (2� 2) InP surface. In this case,
the S2 component is still present whereas the S1 is
hardly detected (not shown on Fig. 9a). Finally,
Fig. 10a presents the decomposition of the In 4d
CL for the LT(2� 4) reconstruction which exhib-
its two surface components similar to those ob-
served on the HT(2� 4) surface. As in the GaP
case, we note that the main difference between the
two reconstructions comes from the intensity ratio
between S1 and S2 with an increase of the S1 in-
tensity and a decrease of the S2 one going from the
LT(2� 4) to the HT(2� 4).

4. Discussion

RHEED observations suggest the existence of a
LT and a HT (2� 4) reconstructions for both GaP
and InP. ARXPS measurements show that the LT

Table 1

Summary of the surface component binding energy shifts according to the surface reconstruction. All energies are in eV

Surface reconstruc-

tion

P 2p Ga 3d In 4d

S1 S2 S3 S1 S2 S1 S2

HT(2� 4) GaP �0.40/�0.45 – – �0.55/�0.60 þ0.40/þ0.45 – –

LT(2� 4) GaP �0.40/�0.45 þ0.35/þ0.40 – �0.55/�0.60 þ0.40/þ0.45 – –

HT(2� 4) InP �0.25/�0.30 – – – – �0.50/�0.55 þ0.40/þ0.45

LT(2� 4) InP – þ0.35/þ0.40 þ1.05/þ1.10 – – �0.50/�0.55 þ0.40/þ0.45
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one is P-rich whereas the HT one is cation-rich.
The high resolution XPS spectra on the HT(2� 4)
reveal one low binding energy surface component

for the P 2p CL. For the Ga 3d and In 4d CLs,
two surface components are detected. These find-
ings are in good agreement with previous results
[15,22–24]. The value of the various binding energy
shifts are rather comparable, the differences com-
ing mainly from a better experimental resolution in
previous work, thanks to the use of synchrotron
facilities. These results have been interpreted by
Schmidt et al. [15] and Vogt et al. [25] in terms of
charge transfer associated with the various surface

Fig. 4. P 2p XPS CL for the (2� 2), LT(2� 4) and HT(2� 4)

GaP reconstructions (a). P 2p CL at 25� and 75� electron takeoff

angles for the LT(2� 4) (b) and HT(2� 4) (c).

Fig. 5. P 2p CL decomposition for the LT(2� 4) (a) and

HT(2� 4) (b) GaP surfaces at an electron takeoff angle of 25�.
Shaded areas indicate surface components; the full lines are

related to the bulk one; the dashed line is the resulting fit and

the dotted line is the experimental data.

208 X. Wallart / Surface Science 506 (2002) 203–212



components. The S1 surface component of the
P 2p CL would be associated with the P-atom in
the mixed dimer whereas the S1 and S2 surface
components in the Ga 3d or In 4d CLs would
correspond to two different surface sites for the
cation atom in the mixed-dimer model.

Going from the LT to the HT (2� 4) recon-
struction, the relative increase of the low binding
energy surface component (S1) in the Ga 3d or
In 4d CL is very similar to what is observed from
the As-rich (2� 4) to the Ga-rich (4� 2) GaAs

surfaces [26,27]. This trend agrees well with the
above findings that the LT(2� 4) is P-rich whereas
the HT(2� 4) is Ga- or In-rich. Nevertheless, for
the LT(2� 4) GaP reconstruction, a second sur-
face component S2 at �þ0.35–0.40 eV clearly
appears in the P 2p CL. For the LT(2� 4) GaP
surface, Esser et al. [3] have proposed the forma-
tion of P–P dimers in a b2 (2� 4) geometry as in
the GaAs case. For the b2 (2� 4) GaAs surface,
the As3d CL exhibits one low binding energy

Fig. 6. Ga 3d CL at 25� and 75� electron takeoff angles for the

LT(2� 4) (a) and HT(2� 4) (b).

Fig. 7. Ga 3d CL decomposition for the LT(2� 4) (a) and

HT(2� 4) (b) GaP surfaces at an electron takeoff angle of 25�.
Shaded areas indicate surface components; the full lines are

related to the bulk one; the dashed line is the resulting fit and

the dotted line is the experimental data.
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surface component at ��0.40 eV and sometimes a
high binding energy surface one at �þ0.6 eV [26–
29]. This latter one has been related to elemental
arsenic on the surface. However, S2 cannot be
related to elemental phosphorus on the surface
since Yang et al. as well as Vogt et al. [1,6] have
shown that elemental phosphorus produces a
component shifted from �1 eV from the bulk one.
This in turn implies that the structure of this
LT(2� 4) GaP should be different from the b2
(2� 4) GaAs. The two surface components S1 and
S2 then suggest two different atomic sites for the
P-atoms on the surface, S1 associated with a neg-
ative charge transfer and S2 with a positive one.

For the LT(2� 4) InP, the high binding energy
surface component at �1 eV in the P 2p CL (S3)
is clearly related to elemental phosphorus present
on the surface as in the case of the (2� 2) or
(2� 1) reconstructions [1,6]. The presence of the
S2 one still shows the existence of atomic sites for
the P-atoms experiencing a positive charge trans-
fer. Nevertheless, since the low binding energy
surface component S1 is extremely weak, this in-
dicates that this reconstruction is different from a
b2 (2� 4) one. The presence of the S3 component
shows that this surface is more P-rich than the
LT(2� 4) GaP one and this tends to confirm that
this reconstruction is a mixture between the (2� 1)
and the HT(2� 4) as suggested by Esser et al. [3].

5. Conclusion

From RHEED observations, we have shown
that both InP and GaP exhibit two different
(2� 4) reconstructions. From ARXPS measure-
ments, the LT one is slightly P-rich whereas the
HT one is cation-rich. HRXPS spectra confirm
these trends for the HT ones. For both InP and

Fig. 8. P 2p XPS CL for the (2� 2), LT(2� 4)and HT(2� 4)

InP reconstructions.

Fig. 9. P 2p CL decomposition for the LT(2� 4) (a) and

HT(2� 4) (b) InP surfaces at an electron takeoff angle of 25�.
Shaded areas indicate surface components; the full lines are

related to the bulk one; the dashed line is the resulting fit and

the dotted line is the experimental data.
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GaP, only one surface component is detected in
the P 2p CL and two surface components in the
Ga 3d or In 4d CLs, in agreement with what is
expected from the mixed-dimer model. For the LT
one, a second surface component is detected in the
P 2p CL for the GaP surface which cannot be at-
tributed to elemental phosphorus on the surface.
This kind of component has no counterpart in the
(2� 4)GaAs case and then the LT(2� 4) GaP

atomic structure is probably different from the b2
(2� 4) GaAs one. The evolution of the surface
components S1 and S2 in the Ga 3d and In 4d CLs
between the LT and HT (2� 4) is in good agree-
ment with that observed in the GaAs case when
going from the As-rich (2� 4) to the Ga-rich
(4� 2) surface. This confirms that the LT(2� 4) is
a P-rich surface whereas the HT one is a Ga- or In-
rich one. Finally, in the InP case, the LT(2� 4)
exhibits a component associated with elemental
phosphorus on the surface. This indicates that this
surface is more P-rich than the LT(2� 4) GaP one
and is probably a mixture of (2� 1) and HT(2� 4)
domains on the surface.
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Why do „2Ã4… GaAs and InAs „001… surfaces exposed to phosphorus have
so different behavior? Elastic strain arguments

X. Wallart,a) C. Priester, D. Deresmes, T. Gehin, and F. Mollot
Institut d’Electronique et de Microe´lectronique du Nord, UMR CNRS 8520, Avenue Poincare´, B.P. 69,
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When exposed to phosphorus, the~234! GaAs surface tends rapidly to roughen whereas it is not the
case for the~234! InAs one, even after long exposure times. X-ray photoemission measurements
show that the incorporated phosphorus amount is similar in both cases. The elastic energy difference
between these two materials with incorporated phosphorus, calculated within the valence force field
approximation, appears to be strong enough to explain this phenomenon. The role of surface
reconstruction, mainly dimerization, on phosphorus incorporation is also emphasized. ©2002
American Institute of Physics.@DOI: 10.1063/1.1499230#
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The growth of epitaxial heterostructures involving bo
arsenic and phosphorus basedIII –V semiconductors re
mains a challenge due to the significant anion intermix
occurring at the interfaces.1–5 Both interfaces do not behav
symmetrically since As is more easily incorporated in
phosphide overlayer than P in an arsenide one.6 The most
common recipe used to reduce anion intermixing is to m
a growth interruption at the interface during which the a
enide surface is exposed to a phosphorus flux or v
versa.7–9 This kind of procedure then raises the question
the reactivity of an arsenide surface to a phosphorus flux
of a phosphide surface to an arsenic one. The most ex
sively studied case is that of InP with As since it occu
directly when the InP substrate oxide removal is perform
under an As overpressure.10 In this case, it has been show
that a thin InAs layer, around 2 monolayers~MLs! thick, is
formed at the surface.11 The As/P exchange reaction at th
InP ~001! surface has recently been investigated in light
the influence of the surface reconstruction on the forma
of three-dimensional structures.12,13 As regards GaAs sur
faces, Jo¨nssonet al.14 have shown that a metalorganic vap
phase epitaxy grown As-richc(434) GaAs surface react
with PH3 to form a single-layer P-terminated structure f
temperatures below 600 °C. This structure is not stable
higher temperatures leading to a surface roughening
650 °C. This trend has also been noted by Mahalingh
et al.15 from transmission electron microscopy observatio
on InGaP/GaAs supperlattices. From photoluminesce
measurements, Aurandet al.16 have shown that a GaP-ric
layer up to 2 MLs thick is formed at the GaAs surface wh
exposed to cracked phosphine for a few tens of seco
Nevertheless, very little has been reported on the reacti
on an InAs surface exposed to a phosphorus flux.

So, we have undertaken a comparison of the GaAs
InAs ~001! surface behavior when exposed to a phospho
flux. Although one could expect a rather similar behavior
these two binaries, we observed significant differences.
deed, even after the incorporation of several phospho
MLs, the InAs surface is still flat, whereas the GaAs o
becomes rough after the incorporation of only 1–1.5 ph

a!Electronic mail: xavier.wallart@iemn.univ-lille1.fr
1080003-6951/2002/81(6)/1086/3/$19.00
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phorus MLs. Using valence force field calculations, we sh
that this difference is related to the elastic energy differen
occurring upon phosphorus incorporation in both system

Samples are grown by gas-source molecular-beam
taxy ~MBE! in a Riber 32P reactor, using standard effusi
cells for the elements III and cracked phosphine and ars
on undoped GaAs~001! and InAs~001! substrates. 4000 Å
thick buffer layers are grown at 630 °C on GaAs and 500
on InAs, using a 1 ML/s growth rate. After growth, both
samples exhibit a clear~234! reflection high-energy electron
diffraction ~RHEED! pattern, characteristic of As-rich su
faces. Then, the InAs samples are kept under an arsenic
before the exposure to the phosphorus flux whereas G
samples are cooled down to 500 °C, the arsenic flux be
vented below 550 °C to preserve the~234! reconstruction,
before the phosphorus exposure~3 sccm phosphine flow
rate! at 500 °C.17 For both samples, during the cooling dow
to room temperature, the phosphorus flux is vented when
substrate temperature reaches 400 °C to avoid any p
phorus accumulation at the surface and the RHEED pat
is monitored to ensure it remains unchanged. We perfo
x-ray photoelectron spectroscopy~XPS! measurements with
a monochromatic AlKa x-ray source on some of th
samples by transferring them to the XPS chamber conne
under an UHV to the growth chamber. Details of the da
processing procedure are given elsewhere.5 Finally, samples
have been examined ‘‘ex situ’’ by atomic force microscopy
~AFM!, using a Digital Nanoscope III, working in the tap
ping mode.

Upon exposure to a 3 sccm phosphine flow rate a
500 °C, starting with the~234! reconstruction, the InAs sur
face first exhibits a change to a~232! pattern after 30 s
exposure and then again a~234! pattern after 60 s. This
pattern is characterized by intermediate streaks as brigh
the main ones in the34 azimuth@inset in Fig. 1~a!# and is
similar to that observed on the InP surface. In this case,
never detect any trend to a surface roughening until 30
exposure time which is the longest we explored in this wo
On the contrary, in the GaAs case, the starting~234! pattern
is progressively lost with the appearance of arrow-hea
shaped spots in the34 azimuth around 70 s exposure tim
indicating the beginning of the surface roughening wh
6 © 2002 American Institute of Physics
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develops as exposure goes on, resulting in a spotty pa
after a few minutes@inset in Fig. 1~b!#. These findings are
confirmed by the AFM observations which clearly indica
that the InAs surface is still smooth with clearly visib
atomic steps@Fig. 1~a!#, whereas the GaAs one becom
rough with small dots formation@Fig. 1~b!# after the phos-
phorus exposure.

In order to evaluate the phosphorus incorporated in
samples, we perform XPS measurements on both typ
surfaces after 60 s exposure, i.e., just before the onse
roughening on GaAs, and after 10 and 30 min on InAs. F
ure 2 shows the measured intensity ratios between the Ad
and P 2p core levels~CLs! versus the sine of the polar ang
of detection with respect to the surface plane. The increas
these ratios with increasing angle clearly indicates that ph
phorus is located at the sample surface. However, the Pp
CL does not exhibit the high binding energy component~'1

FIG. 1. AFM image of a~234! InAs surface exposed for 10 min.~a! and of
a ~234! GaAs one exposed for 5 min~b! to a cracked phosphine flux~3
sccm! at 500 °C. The insets show the corresponding RHEED patterns a
the @110# azimut.

FIG. 2. As 3d/P 2p XPS intensity ratios versus sine of polar angle af
exposure of~234! GaAs and InAs surfaces to phosphorus. The dashed
represents the calculated ratios assuming the formation of a surface
extending on 3 MLs with 50% P and 50% As.
rn

e
of
of
-

3
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s-

eV shifted from the main one! characteristic of elementa
phosphorus on the surface.18 This indicates that there is n
phosphorus accumulation at the surface during the coo
down of the sample. From Fig. 2, it is obvious that t
amount of phosphorus in the GaAs and InAs samples a
60 s exposure is quite similar. From the experimental curv
it is possible to get an estimate of the amount of phospho
in the sample although it is not possible to recover a uniq
concentration profile inside the sample, since different c
centration profiles can lead to a rather similar agreement w
the experiment. Then, it is necessary to assume the com
sition profile a priori and calculate the related intensity r
tios. For the sake of simplicity, we use a square one wit
constant phosphorus concentration on a given depth. T
procedure requires a relative sensitivity factor betwe
As 3d and P 2p CLs for which we use data recorded o
MBE grown GaP and GaAs surfaces. For a 60 s expos
time, a good agreement between calculated and experime
intensity ratios is then found for a surface layer extend
over 3 MLs with 50% phosphorus, i.e., a total amount of 1
MLs. A more interesting quantity is the incorporated pho
phorus amount, i.e., the total amount minus the phospho
amount lying in the outermost atomic plane, this latter be
too sensitive to the cooling down procedure to be meani
ful. The determination of the phosphorus amount in the o
ermost surface plane is not easy and that is why we cons
two extreme cases. In the first one, we assume that the
face is terminated by a complete anion atomic plane whe
in the second one, we suppose a cation-rich surface te
nated by a complete cation atomic plane. In the first case,
incorporated phosphorus is 1 ML whereas in the second
increases to 1.5 MLs. The actual surface is in between th
two extreme cases and we can safely conclude that after
exposure time, the incorporated phosphorus amount lies
tween 1 and 1.5 MLs. More, the InAs surface exhibits stil
clear reconstruction without any roughening for incorpora
phosphorus quantities considerably larger than that dete
at the onset of roughening on GaAs. Then, the differe
observed in the behavior of the two surfaces around 60–
exposure can not be related to a significantly different inc
porated amount of phosphorus.

Since growth roughening is often related to the elas
energy of the system, we have described the two system
are interested in by means of a valence force field model.
have chosen, as in Ref. 19, a Keating’s description20 and the
parameters for GaAs, GaP, InAs, and InP are those of R
21. In our experiments, the increase in elastic energy is
to the replacement of As atoms by P ones. Thus, we h
first calculated the substitutional energy of P atoms in Ga
or InAs assuming various surface reconstructions:~231! or
b2 ~234! anion rich and~132! cation rich.22 We note the
peculiar importance of dimerization since for a~231! anion-
rich surface, due to the presence of anion dimers, two dif
ent sites,a ~below dimers! or b ~between dimers!, occur on
the anion plane just below the surface with a large differe
in substitutional energy, in agreement with previous work19

For a ~132! cation-rich surface the inequivalenta and b
sites are located in the second anion plane below the sur
whereas for theb2 ~234! surface, one gets several differe
a-type andb-type sites located in the two upper planes b
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low the surface. The calculated substitutional energy
roughly twice as large in GaAs~average value:45 meV
solute atom! than in InAs ~25 meV/solute atom!. This is
mainly due to the bond strength difference between GaP
InP.

Nevertheless, the observed difference in substitutio
energy is not sufficient to explain our experimental eviden
since it considers only one single P atom in a GaAs or In
matrix whereas, for a greater amount of incorporated ph
phorus, elastic interaction between P atoms is efficient
needs to be taken into account. To go further, we perform
elastic energy calculation for a given amount of incorpora
phosphorus on a definite depth. In Fig. 3, we plot the ene
difference between the system with and without phospho
incorporation. For these calculations, guided by the XPS
sults, we focus on an incorporated phosphorus amount r
ing from 0.5 to 2 MLs and extending 2 or 3 MLs from th
surface. The distribution of P atoms within the allowed tw
or three atomic planes is achieved by minimizing the ela
energy of the system. For any surface reconstruction, o
again, energies are roughly twice as large in GaAs than
InAs. Moreover, one can note a rapid increase in the ene
difference above 1.2 ML@for the b2 ~234! surface, 1.5 ML
for the ~231! one# incorporated phosphorus in the sample
a two plane extension is considered. This increase co
sponds to P atoms occupying less favorable~b-type! sites.
From a kinetic point of view, since the GaAs bond is strong
than the InAs one, one can assume that the energetic ba
for phosphorus diffusion will be larger in GaAs than in InA
This in turn tends to increase the elastic energy more rap
in the GaAs~two plane extension! than in the InAs case
~three plane extension! after 1.2 ML incorporated phos

FIG. 3. Elastic energy differences between the systems with and wit
phosphorus for a~231! ~a! and a b2 ~234! ~b! surface reconstruction
considering phosphorus incorporation on two or three atomic planes b
the surface.
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phorus. This 1.2 ML value is in good agreement with t
above XPS determination of the phosphorus amount inc
porated just before the onset of roughening on GaAs~be-
tween 1 and 1.5 MLs!. This would explain why elastic en
ergy relaxation occurs via surface roughening in the Ga
case.

We have compared the behavior of As-rich~234! GaAs
and InAs surfaces exposed to a phosphorus flux at 500
The InAs surface remains atomically flat with a clear~234!
reconstruction after incorporation of several phospho
MLs whereas the GaAs one becomes rough after incorp
tion of 1–1.5 MLs phosphorus. Using valence force fie
calculations, we show that this can be explained by the e
tic energy differences occurring in these systems upon ph
phorus incorporation and that the presence of surface dim
plays a key role in phosphorus incorporation.

The authors are grateful to G. Grenet for fruitful discu
sions and to C. Coinon for his technical assistance in
MBE experiments.
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Experimental and theoretical investigation of Ga1ÀxIn xAs surface reactivity to phosphorus
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Ga12xInxAs surfaces appear to show different behavior when exposed to phosphorus, depending on the In
concentration. X-ray photoemission spectroscopy experiments provide information about phosphorus incorpo-
ration on several samples. Atomic-scale elastic energy calculations which include surface reconstructions
emphasize the role or dimers for phosphorus incorporation and show a reasonable agreement for experiments
that concern unstrained surfaces. Another roughening mechanism is proposed for strained surfaces.

DOI: 10.1103/PhysRevB.68.235314 PACS number~s!: 82.45.Jn, 81.05.Ea, 81.65.2b, 82.80.Pv
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I. INTRODUCTION

Heterostructures involving both arsenic and phospho
based III-V semiconductors are of interest for optoelectro
as well as for microelectronic applications. However, the
itaxial growth of these structures with abrupt interfaces s
remains a challenge whatever the growth technique u
i.e., metalorganic vapor phase epitaxy~MOVPE! or
molecular-beam epitaxy~MBE!.1,2 Indeed, without any par-
ticular care, the resulting interfaces are diffuse with sign
cant anion intermixing, due to various ‘‘memory effects’’
the growth system, related to the anion overpressure du
growth and to the high vapor pressure of arsenic a
phosphorus.3–8 Both interfaces do not behave symmetrica
since As is more easily incorporated in a phosphide overla
than P in an arsenide one.9 The preferred recipe for reducin
anion intermixing involves a growth interruption at the inte
face during which the arsenide surface is exposed for a g
time to a phosphorus flux or vice versa.10–13A tradeoff has to
be found for the best value of this exposure time which m
be long enough to allow a good anion commutation but w
out degrading the interface quality.

This kind of procedure then raises the question of
reactivity of an arsenide surface to a phosphorus flux an
a phosphide surface to an arsenic flux. The most extensi
studied case is that of InP under an As pressure sinc
occurs directly when people make the InP substrate ox
removal under an As overpressure.14 In this case, it has bee
shown that a thin InAs layer around 2 ML~monolayers!
thick is formed at the surface.15 The As/P exchange reactio
at the InP~001! surface versus substrate temperature has
cently been investigated and the surface phase diagram
been determined, confirming that the substitution of As fo
is limited to the two or three outermost monolayers.16 On the
same surface, Yoonet al.17 and Yanget al.18 have studied the
influence of the V/III ratio or of the surface reconstruction
the formation of three-dimensional structures during As/P
change reaction. As regards GaAs surfaces, Jo¨nssonet al.19

have shown that a MOVPE grown As-richc(434) GaAs
surface reacts with PH3 to form a single-layer P-terminate
structure for temperatures below 600 °C. They have
served that this structure is not stable at higher temperat
leading to surface roughening at 650 °C. This trend has b
noted by Mahalinghamet al.20 from TEM observations on
0163-1829/2003/68~23!/235314~10!/$20.00 68 2353
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InGaP/GaAs superlattices. From photoluminescence m
surements, Aurandet al.21 have shown that a GaP-rich laye
up to 2 ML thick is formed at the GaAs surface when e
posed to cracked phosphine for a few tens of seconds. N
ertheless, very few is reported on the reactivity of an In
surface exposed to a phosphorus flux.

In order to minimize the As incorporation in phosphide
the exposure of arsenides to phosphorus prior to the gro
of a phosphide layer is required. That is why we have stud
the surface reactivity of Ga12xInxAs alloys to a phosphorus
flux. For a 500 °C substrate temperature, we find that, exc
for the InAs case (x51), the surface roughens rather rapid
and that roughening occurs faster in the alloy case than in
GaAs one (x50). We show that these observations cann
be attributed to different amounts of phosphorus incor
rated in the layer, as determined by x-ray photoelectron sp
troscopy~XPS!. Using valence force field calculations an
taking properly into account the surface reconstruction,
show that the difference between GaAs and InAs is relate
the elastic energy differences occurring upon phosphorus
corporation in both systems. For the alloys, we show that
the case of an average alloy matched to its substrate,
surface reconstruction, mainly dimers, induces some a
ordering in the atomic layers very close to the surface, wh
renders less favorable phosphorus incorporation~above half
a monolayer! as far as surface keeps flat.

II. EXPERIMENTAL

Samples are grown by gas source molecular-beam epi
in a Riber 32P reactor, using standard effusion cells for
elements III and cracked phosphine and arsine on undo
GaAs~001!, InAs~001!, and Fe-doped InP~001! substrates.
We consider Ga12xInxAs alloys with four different In con-
centrations:x50 ~sample X0!, 0.2 ~sample X20!, 0.53
~sample X53! and 1.0~sample X100!. The X0 sample is a
4000-Å-thick buffer layer grown at 630 °C on GaAs. For th
X20 sample, we grow the same buffer layer followed by t
growth of a 100 Å strained Ga0.8In0.2As layer at 500 °C. The
X53 sample is a 1000-Å-thick lattice-matched Ga0.47In0.53As
layer grown at 500 °C on a 2000-Å-thick InP buffer laye
Finally, the X100 sample is a 4000-Å-thick InAs buffe
grown at 500 °C on InAs. The growth rate for all sampl
lies in the 0.7–1.0 ML/s. range. After growth, the samp
©2003 The American Physical Society14-1
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exhibit a clear (234) ~samples X0, X53, and X100! or (2
33) ~sample X20! reflection high-energy electron
diffraction ~RHEED! pattern, characteristic of As-rich su
faces. Then the InAs and the alloy samples are kept unde
arsenic flux for 2 min to allow surface smoothing before t
exposure to the phosphorus flux. On the contrary, Ga
samples are cooled down to 500 °C, the arsenic flux be
interrupted below 550 °C to preserve the~2x4! reconstruc-
tion, before the phosphorus exposure@3-SCCM phosphine
flow rate! at 500 °C. Following this procedure, the (234)
GaAs surface isb2 type22 whereas the InAs one is probab
a mixture betweena2 andb2 structures.23 As regards the
alloys, the (234) reconstruction occurring for sample X5
is probably closed to that of InAs due to In segregatio
leading to an In-rich topmost layer. For the X20 sample,
observed (233) reconstruction has been describ
elsewhere.24,25 For all samples, during the cooling down
room temperature, the phosphorus flux is interrupted w
the substrate temperature reaches 400 °C to avoid any p
phorus accumulation at the surface and the RHEED pat
is monitored to ensure it remains unchanged. We perfo
XPS measurements on some of the samples by transfe
them to the XPS chamber connected under UHV to
growth chamber. The XPS system is a Physical Electron
model 5600, modified by SINVACO in order to analyz
3-inch MBE samples. We use a monochromatic AlKa x-ray
source and an analyzer pass energy of 12 eV. Under t
conditions, the overall resolution as measured from the
width at half maximum of the Ag 3d5/2 line is 0.55 eV. Th
acceptance angle of the analyzer is set to 14° and the a
between the incident x rays and the analyzer is 90°. T
direction of photoelectrons is given by the polar angleu, as
referenced to the sample surface. To obtain angle-depen
XPS results, the polar angle is varied from 25° to 75°. T
intensity of the various XPS core levels~CL’s! is measured
as the peak area after standard background subtraction
cording to the Shirley procedure.26 Photodiffraction effects
are often prominent on single crystals27 and, as they super
impose to the XPS signal variations relative to the conc
tration gradient, they can make concentration profile de
mination rather difficult. To minimize these effects, w
perform an average of the different XPS core level intensi
with respect to the azimuth.28 Then, we calculate intensity
ratios between the P 2p and As 3d CL’s with close binding
energies.29 For the CL decomposition, we apply the deco
volution procedure proposed by Joyceet al.30 In this proce-
dure, the As 3d CL is synthesized using Voigt functions by
doublet for the 3/2 and 5/2 components whereas the P 2p CL
is modeled by a doublet for the 1/2 and 3/2 components.
branching ratios are theoretical ones and the splitting e
gies are fixed at 0.69 eV between As 3d3/2 and As 3d5/2 and
0.85 eV between P 2p1/2 and P 2p3/2, which are typical
values for these core levels.31 The best fit is obtained throug
a least-square minimization procedure. The surface com
nents are modeled with the same parameters than the
component, i.e., the Gaussian and Lorentzian broadening
kept fixed for each component of a given CL. This broad
ing is chosen as that obtained on (234) GaAs and InP sur-
faces analyzed in the same conditions. Finally, samples h
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been examined ‘‘ex situ’’ by atomic force microscopy
~AFM!, using a Digital Nanoscope III, working in the tap
ping mode.

III. RESULTS

A. RHEED and AFM observations

Upon exposure to a 3-SCCM phosphine flow rate
500 °C, for all samples except the InAs one, the start
RHEED pattern@(234) for samples X0 and X53, (233)
for sample X20# is progressively lost with the appearance
arrow-headed shape spots in the@110# azimuth. This indi-
cates that the surface roughens as exposure goes on, res
in a spotty pattern after a few minutes@Fig. 1~a!#. As re-
vealed by the evolution of the intensity of a thre
dimensional~3D! Bragg spot~Fig. 2!, roughening occurs
more rapidly for the alloys~after roughly a 10-s exposur
time! than for GaAs~after 70 s!. In the same way, the tran
sition from a 2D to 3D morphology is more abrupt for th
X53 sample than for the X20 one. On the contrary, for t
InAs sample, the RHEED pattern indicates that the rec
struction first starts as (234), then changes towards (
32) after 30 s exposure and turns back towards a (234)
pattern after 60 s. This pattern@Fig. 1~b!# is characterized by
intermediate streaks as bright as the main ones in the@110#

FIG. 1. RHEED patterns along the@110# azimuth of a (234)
GaAs surface exposed for 5 min~a! and of a (234) InAs surface
exposed for 10 min~b! to a cracked phosphine flux~3 SCCM! at
500 °C.
4-2
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EXPERIMENTAL AND THEORETICAL INVESTIGATION . . . PHYSICAL REVIEW B68, 235314 ~2003!
azimuth and is similar to that observed on a (234) InP
surface. In this case, we never detect any trend to a sur
roughening until 30 min exposure time which is the long
we explore in this work.

When increasing the substrate temperature to 600 °C
650 °C for the X0 sample~GaAs!, surface roughening tend
to occur more rapidly than at 500 °C.

On the other hand, when decreasing the substrate
perature to 450 °C during the phosphorus exposure, sam

FIG. 2. 3D Bragg spot intensity evolution vs exposure time t
cracked phosphine flux~3 SCCM! at 500 °C for a (234) GaAs, a
(233) Ga0.8In0.2As, and a (234) Ga0.47In0.53As surfaces.
23531
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X20 and X53 do not exhibit anymore a tendency to surfa
roughening. In this case, the starting reconstruction unde
stabilization is a (133) –(433) one for both alloys. Upon P
exposure, this reconstruction vanishes within 10 s and tu
to a (334) for sample X53 and to a (332) for sample X20
after roughly 40 s. When P exposure goes on, the RHE
pattern keeps its 2D character for times as long as 10 m

These findings are confirmed by the AFM observatio
They clearly evidence that the InAs surface is still smoo
with clearly visible atomic steps@Fig. 3~d!# after rather long
exposure times~10 min!. On the contrary, for the othe
samples, the surface becomes rough with small dots for
tion @Fig. 3~a–c!#, even after short exposure times~a few
tens of seconds!. These observations indicate in which ran
kinetic limitations are ruling out surface roughening. In th
paper we will mainly focus on experiments at 500 °C
more, for which the near equilibrium conditions are fulfille

B. XPS measurements

In light of the above observations, upon phosphorus
posure, the surface morphology evolution seems to dep
on the sample composition. That is why we determine
incorporated phosphorus in different samples before the
set of roughening by XPS measurements. We perform th
on X0 after 60-s exposure, on X20 and X53 after 10 s, a
on X100 after 1-, 10-, and 30-min exposure at 500 °C. F
X20, we also get XPS spectra after 5-min exposure
450 °C. Figure 4 shows the measured intensity ratios

a

FIG. 3. AFM images of a (234) GaAs surface exposed for 5 min~a!, of a (233) In0.2Ga0.8As one exposed for 3 min~b! of a (2
34) In0.53Ga0.47As one exposed for 3 min~c!, and of a (234) InAs one exposed for 10 min~d! to a cracked phosphine flux~3 SCCM! at
500 °C.
4-3
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tween the P 2p and As 3d CL’s versus the detection pola
angle with respect to the surface plane. The decrease of t
ratios with increasing angle clearly indicates that phospho
is mainly located near the sample surface and does not
etrate very deep in the sample. However, the P 2p CL does
not exhibit the high binding-energy component ('1 eV
shifted from the main one! characteristic of elemental phos
phorus on both InP and GaP surfaces.32,33This indicates that
there is no phosphorus accumulation at the surface during
cooling down of the sample. From Fig. 4, at 500 °C, it
obvious that the amount of phosphorus in the X0~GaAs! and
X100 ~InAs! samples after 60-s exposure is quite simi
whereas it is smaller for the X20 and X53 samples after 1
exposure.

From these experimental curves, it is possible to get
estimate of the amount of phosphorus in the sample altho
it is not possible to recover a unique concentration pro
inside the sample, since different concentration profiles
lead to a rather similar agreement with the experiment. T

FIG. 4. P 2p/As 3d XPS intensity ratios vs the detection pol
angle with respect to the surface plane for samples X0~GaAs!, X20
(In0.2Ga0.8As), X53 (Ga0.53In0.47As), and X100~InAs! exposed to a
cracked phosphine flux~3 SCCM! at 450 °C or 500 °C.
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it is necessary to assume the composition profilea priori and
to calculate the related intensity ratios. For sake of simp
ity, we use a square profile with a constant phosphorus c
centration on a given depth. For estimating the relative s
sitivity factor between As 3d and P 2p CL’s, we use MBE
grown (234) GaAs and P-rich (234) GaP surfaces which
present very close surface compositions although th
atomic structures could differ.33,34 Moreover, XPS data are
recorded at normal emission from the surface in order
minimize surface effects. The most relevant quantity is
incorporated phosphorus amount, i.e., the total amount m
the phosphorus amount lying in the outermost atomic pla
this latter being too sensitive to the cooling down proced
to be meaningful. Since the determination of the incorp
rated P amount is not straightforward, we use the two diff
ent methods described below.

In the first method, we first try to get an estimate of t
incorporated P amount by using the total As 3d and P 2p
XPS intensities. We model the P 2p/As 3d intensity ratios
using a square concentration profile. The results of the fit
given in Table I, columns 3,c~P!, and 4d~P!, first line for
each sample. To interpret these results, we then consider
extreme cases.~i! in the first one, we assume that the surfa
is terminated by a complete anion atomic plane~which is
then the outermost atomic plane!; ~ii ! in the second one, we
assume that the surface is terminated by a complete ca
plane~the first anion plane is then the second atomic pla
from the surface!. For the anion-terminated surface,d~P! in-
cludes the phosphorus of the outermost anion plane wh
we do not consider as incorporated. The incorporated
amount is obtained byc(P)*@d(P)21# which gives the
lower value of the range reported in column 5 in Table I. O
the contrary, for the cation-terminated surface, the incor
rated P amount is calculated viad(P)*c(P), which gives the
higher value of the range in column 5. Of course the act
surface is in between these two extreme cases and th
total
TABLE I. Phosphorus concentrationc~P! and in-depth penetrationd~P! as deduced from XPS measurements according either to the
P 2p and As 3d intensities or to the bulk components extracted from the decomposition of the CL’s.

d~P! : in-depth Total amount
Sample Method c~P! P penetration~ML ! of incorporated P~ML !

GaAs—500 °C Total intensities 0.48 3 0.96–1.44
1 min Bulk component intensities 0.55 2 1.10
InAs—500 °C Total intensities 0.48 3 0.9621.44
1 min Bulk component intensities 0.58 2 1.16
InAs—500 °C Total intensities 0.68 4 2.0222.72
10 min Bulk component intensities 0.77 3 2.31
InAs—500 °C Total intensities 0.72 5 2.8823.60
30 min Bulk component intensities 0.84 4 3.36
Ga0.8In0.2As total intensities 0.36 3 0.7221.08
500 °C—10 s Bulk component intensities 0.46 2 0.92
Ga0.47In0.53As Total intensities 0.32 3 0.6420.96
500 °C—10 s Bulk component intensities 0.37 2 0.74
Ga0.8In0.2As Total intensities 0.84 3 1.6822.52
450 °C—10 s Bulk component intensities 0.96 2 1.92
4-4
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why this first method only provides a lower and a high
estimate of the incorporated P amount.

To get more precise results, we use a second metho
which we decompose the P 2p and As 3d CL’s in their bulk
and surface components. We assume that the surface co
nents are related to nonincorporated P and As, i.e., to P
As atoms which are located on the outermost atomic pl
whereas the bulk components are related to As and P a
located on the second anion atomic plane or deeper. In
CL’s decomposition, we assume two surface component
previously done for GaAs surfaces31 and for P-rich phos-
phide surfaces.32,33 Figure 5 shows a typical decompositio
of the P 2p and As 3d CLs. Doing so, for a 30 min exposur
time of the X100 sample, we only need one surface com
nent for the P 2p CL at lower binding energy as in the pur
(234) InP surface case.32,35 Then, after long P exposur
times, the P 2p CL of the InAs surface becomes very close
that recorded on an InP (234) one, confirming the similarity
observed in the RHEED patterns. Then we model the Pp
and As 3d bulk component intensity ratios by a square co
centration profile. The results of the fit are given in Table
columns 3,c~P!, and 4,d~P!, second line for each sample
This method allows us to get a more precise value of
incorporated P amount, reported in column 5

It is clear from Table I that the observed different beha
ior from the roughening point of view between X0~GaAs!
and X100 ~InAs! at 500 °C cannot be accounted for by
significant difference in the amount of incorporated ph
phorus. In the same way, the incorporated phospho
amount before the onset of roughening is significantly low
in the X20 and X53 samples than in the X0 sample. On
contrary, for sample X100 after 30-min exposure for whi
the surface is still 2D, the incorporated phosphorus amou
considerably larger than that determined before the onse
roughening on sample X0~GaAs!. This implies that the ten-
dency to surface roughening upon phosphorus exposure
not be directly related to a more or less important amoun
incorporated phosphorus. Finally, we can also note the ef
of the growth temperature since for sample X20, at 450
no surface roughening is observed after incorporation o
ML phosphorus whereas at 500 °C, surface roughening
curs for less than 1-ML incorporated phosphorus.

IV. MODEL AND DISCUSSIONS

As the amount of incorporated phosphorus definitely c
not be the key parameter for the roughening onset, let us
consider the strain induced by phosphorus incorporation.
the samples under investigation here, the phosphorus in
poration tends either to induce a tensile strain in the surf
layer ~for samples X0, X53, and X100! or to reduce the
initial compressive strain~for sample X20!. For a given dis-
tribution of incorporated phosphorus, the mean induced
sile strain is similar for X0, X53, and X100 samples. Taki
into account the amount of phosphorus incorporated in
X53, and X100 samples determined above, it is clear that
surface roughening of X0 and X53 samples cannot be
plained by the mean induced tensile strain since X1
sample should exhibit surface roughening too, which is
23531
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the case. In the same way, this argument cannot accoun
earlier roughening on sample X53 than on X0 samp
Clearly, a more detailed picture is needed.

When looking at an atomistic picture of the surface lay
one important feature to consider is the tendency of the q
ternary GaInAsP alloys to exhibit spinodal decom
position36–38 to form GaP and InAs-rich regions. Conside
ing thermodynamical calculations on spinodal decomposit

FIG. 5. Typical XPS core-level decomposition for P 2p and As
3d ~sample InAs after 1-min exposure time at 500°C). The take
angle of the photoelectrons is 25° with respect to the surface pl
Shaded areas indicate surface components, the full lines are re
to the bulk one, the dashed line is the resulting fit, the dotted lin
the experimental data, and the dashed-dotted line is the residu
the fit.
4-5
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reported by LaPierreet al.36,37 could be useful here fo
sample X53 for which the incorporation of phosphorus lea
the resulting quaternary to fall inside the miscibility ga
However, the same calculations predict that the quatern
formed by P incorporation in the X20 sample falls main
outside the miscibility gap and do not predict any miscibil
gap for GaAsP. Then it is not possible to explain our resu
by a thermodynamic description of the spinodal decomp
tion even if this decomposition is indeed an important fac
to be considered. Moreover, as outlined by LaPie
et al.,36,37 the origin of the phase separation observed dur
the growth of the quaternary GaInAsP alloys is proba
surface related and not a bulk effect. That is why we mo
the systems from a microscopic point of view, taking in
account the surface reconstruction. Let us first present
results relative to the two binaries GaAs and InAs.

A. GaAs and InAs cases

Since growth roughening is often related to the elas
energy of the system, we describe the two systems we
interested in by means of a valence force field model.
choose, as in Ref. 39, a Keating’s description,40 and the pa-
rameters for GaAs, GaP, InAs, and InP are those of Ref.
In our experiments, the elastic energy increase is due to
replacement of As atoms by P ones. Thus we first calcu
the substitutional energy of P atoms in GaAs or InAs assu
ing various surface reconstructions. First the simple and a
demic cases of (231) anion-rich and (132) cation rich are
considered, as they are very helpful for enlightening
dimer role. For the anion-rich surfaces that present a
34) reconstruction, we only display results for theb2(2
34) as we have checked that ana2(234) leads to similar
results; this is due to equivalent surface corrugation an
great amount of inequivalenta- andb-type sites in the uppe
plane. As far as corrugation is concerned, our calculati
clearly demonstrate that this short-range corrugation is
efficient than dimers: phosphorus incorporates below rid
as well as below trenches. The key parameter is definitely
presence of dimers: for a~2x1! anion-rich surface@Fig. 6~a!#,
due to the presence of anion dimers, two different sitesa
~below dimers! or b ~between dimers!, occur on the anion
plane just below the surface. As shown in Fig. 7, these
sites present a large difference in substitutional energy
agreement with previous work.39 For a (132) cation-rich
surface@Fig. 6~b!#, the inequivalenta andb sites are located
in the second anion plane below the surface whereas for
b2 (234) surface~not represented in Fig. 6!, one gets sev-
eral differenta-type andb-type sites located in the two up
per planes below the surface.

The calculated substitutional energy is roughly twice
large in GaAs~average value—45 meV/solute atom! than in
InAs ~25 meV/solute atom!. This is mainly due to the bond
strength difference between GaP and InP which is also a
origin of the difference between the interaction parameteV
involved in the calculation of the alloys mixing enthalpy~for
GaAsP, the mean value ofV is 35 meV~Ref. 42! whereas it
is 15 meV for InAsP~Ref. 43!.
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Nevertheless, the observed difference in substitutional
ergy is not sufficient to explain our experimental evidenc
since it considers only one single P atom in a GaAs or In
matrix whereas, for a greater amount of incorporated ph
phorus, elastic interaction between P atoms is efficient
needs to be taken into account. To go further, we perform
elastic energy calculation for a given amount of incorpora
phosphorus on a definite depth. In Figs. 8 and 9, we plot
energy difference between the system with and without ph
phorus incorporation for the (231) and (234) reconstruc-
tions, respectively. For these calculations, guided by the X
results, we focus on an incorporated phosphorus amo
ranging from 0.5 to 2 ML and extending 2 or 3 ML from th

FIG. 6. Schematic drawing showing the existence ofa and b
sites for the incorporation of phosphorus in the second anion p
from the surface either for an anion-rich (231) reconstruction~a!
or for a (132) cation-rich one~b!. Filled circles are for cations
opened ones are for anions, gray ones are for thea sites, and the
crossed ones for theb sites.
4-6
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EXPERIMENTAL AND THEORETICAL INVESTIGATION . . . PHYSICAL REVIEW B68, 235314 ~2003!
surface. The distribution of P atoms within the allowed tw
or three atomic planes is got by minimizing the elastic e
ergy of the system. Once again, energies are roughly twic
large in GaAs than in InAs. Moreover, in Fig. 9, one can n
a rapid increase in the energy difference above 1.2 ML
corporated phosphorus in the sample, if a two plane ex
sion is considered. This increase corresponds to P at
starting to occupy less favorable (b-type! sites. This 1.2-ML
value is in good agreement with the above XPS determ
tion of the phosphorus amount incorporated just before
onset of roughening on GaAs~1.1 ML!. Within this model,

FIG. 7. Substitutional energy of P atoms in GaAs and In
matrix, considering either an anion-rich (231) reconstruction~a!
or a cation-rich (132) one~b!, and in a In0.5Ga0.5As one for a (2
31) anion-rich reconstruction~c!.
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we can infer that P incorporation occurs first on the m
favorable sites (a type! of the first plane below the surfac
and on the equivalent sites of the second plane below
surface. Then, since diffusion is very weak in III-V semico
ductors at 500 °C, the in-depth penetration of P is kinetica
limited and P incorporation goes on with the occupation
the less favorable sites (b type! of the first plane under the
surface. This leads to an important increase of the ela
energy, especially in the GaAs case, which in turn wo
explain the relaxation via surface roughening.

B. Alloy cases

In this case, we have first to examine the surface dim
effect on the cation distribution. Indeed, for the (132)
cation-rich surface, we have shown above@Figs. 6~b! and
7~b!# that the presence of surface cation dimers leads to
inequivalent sites for P incorporation in the second an
plane from the surface (a site below the dimers,b site be-
tween the dimers!. In the same way, for an anion-rich allo
surface, the presence of the anion dimers will lead to t
inequivalent sites for the Ga atoms in the second cation p

FIG. 8. Elastic energy differences between the systems with
without phosphorus for GaAs, InAs, and Ga0.5In0.5As considering a
(231) reconstruction and assuming phosphorus incorporation
two or three atomic planes below the surface.

FIG. 9. Elastic energy differences between the systems with
without phosphorus for GaAs and InAs considering a (234) recon-
struction and assuming phosphorus incorporation on two or th
atomic planes below the surface.
4-7
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X. WALLART AND C. PRIESTER PHYSICAL REVIEW B68, 235314 ~2003!
from the surface: a favorable one (a site! below the dimers
and a more energetic one (b site! between the dimers~Fig.
10!. This implies that the second cation plane will presen
kind of ordering due to the anion dimers with Ga atom
preferentially below the dimers and In atoms preferentia
between the dimers.44 XPS Ga 3d-In 4d spectra recorded a
25° and 75° polar angles reveal a significant In 4d surface
component associated with In segregation as observed
previous work.29 Then, in our model, in order to take int
account In segregation towards the surface, the upper ca
plane~where all sites are equivalent! is supposed to be purel
In. For simplicity, as far as X53 sample is concerned,
assume that all other cation planes contain half In and
Ga atoms. In such a dimer induced surface ordered a
how altered area andb sites for phosphorus incorporation
b sites keep repulsive, but a bit less repulsive than in bi
ries, as phosphorus incorporation will induce InP areas,
viously lattice matched to the InP substrate. This can
viewed in Fig. 7~c!: b site substitution energy in the firs
layer is significantly lower in the alloy than in the binarie
@Fig. 7~a!#. On the other hand, the sites located below
dimer rows are no longer attractive from phosphorus inc
poration point of view, but become slightly repulsive, as
corporating P atoms in these sites creates lines of GaP b
~Fig. 10!, which are 7% mismatched to the substrate. S
surface anion sites are thus nevera type, but slightly (b1) or
strongly (b2) b type: that’s why the phosphorus incorpor
tion curves for a 231 anion-rich surface displayed in Fig.
show InGaAs curves~triangles! lying significantly upper
than both InAs~circles! and GaAs~diamonds! curves. This is
the basic mechanism which explains why X53 roughens
lier than X0. If one turns to a more realistic 234 surface,
surface cation ordering is a bit more complicated a
InGaAs phosphorus incorporation curves lie clearly up
than GaAs curves only if one takes into account some

FIG. 10. Schematic drawing showing the existence ofa andb
sites for the Ga atoms in the second cation layer from the surfac
In0.5Ga0.5As due to the presence of As dimers. Filled circles are
cations, opened ones are for anions, gray ones are for thea sites,
and the crossed ones for theb sites.
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depletion just below the In surface plane: Fig. 11~a! corre-
sponds to the nominal In concentration in the second ca
plane and Fig. 11~b! to an In depleted second cation plan
~three In atoms and five Ga atoms in the surface unit ce!.
Under this assumption, the calculated phosphorus incorp
tion curves are in reasonable agreement with the experim
tal observation of the roughening of unstrained GaAs, In
and Ga0.47In0.53As surface under phosphorus exposition.

These three systems are lattice matched to their subs
before incorporating phosphorus. This is not the case
Ga0.8In0.2As on GaAs substrate. In this latter system inde
phosphorus incorporation first tends to lower the mean st
in the alloy. This explains why, at low phosphorus expos
temperatures (450 °C), a rather great amount of phosph
is incorporated very fast near the surface, as reported
Table I. For this reason, one would expect that, at us
phosphorus exposure temperatures, Ga0.80In0.20As would
roughen later than GaAs. That is what the model show
one calculates the equivalent of Fig. 11 for this strained
loy: either one considers ab2 234 reconstruction or the
more realistic (233) ~which also exhibits surface anio
dimers, as shown in Ref. 25!, the Ga0.8In0.2As curves lie
lower than GaAs ones. However, this comparison assu

of
r

FIG. 11. Elastic energy differences between the systems w
and without phosphorus for GaAs, InAs, and In0.5Ga0.5As consider-
ing (234) reconstruction and the nominal In concentration in t
second cation plane~a! and a slightly In depleted second catio
plane~b!.
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equivalent initial surface roughnesses in strained and
strained samples before phosphorus exposure. This is p
ably not the case: the strained sample would proba
present long-range and smooth surface undulations, w
cannot be detected by RHEED observations, in order
slightly relax the stored elastic energy. These undulati
will favor the wirelike roughening which is observed o
AFM views ~Fig. 3!. Let us note that for the unstraine
samples X0 and X53 the roughening morphology is dotli
On the other hand, AFM view of a Ga0.3In0.7As film grown
on an InP substrate and exposed to phosphorus also dis
a wire-like morphology after roughening. Last, let us no
that if the phosphorus incorporation was enhancing the a
age strain instead of reducing it~e.g., Ga0.7In0.3As on InP!,
both roughening mechanisms would compete.

V. CONCLUSIONS

In this work we have studied the surface reactivity
Ga12xInxAs alloys to a phosphorus flux, and we have sho
that for a 500 °C substrate temperature, except for the I
case, the surface roughens rather rapidly and that roughe
occurs more rapidly in the alloy case than in the GaAs o
These observations could not be attributed to differ
amounts of phosphorus incorporated in the layer, as de
mined by x-ray photoelectron spectroscopy~XPS!. We have
proposed a model which emphasizes the role of surface
construction, and more precisely of dimers: they tend to
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Résumé 
 
 
 
La fabrication d’hétérostructures de semi-conducteurs III-V de qualité repose sur la 

connaissance des surfaces, l’optimisation de la formation des interfaces et la maîtrise de la 
relaxation des couches contraintes. Nous montrons d’abord par une étude en diffraction et 
spectroscopie d’électrons que la reconstruction de surface des semi-conducteurs III-V 
phosphorés est différente des reconstructions couramment observées sur les arséniés. Nous 
abordons ensuite le problème des interfaces à anion commun pour lequel nous proposons un 
modèle cinétique prenant en compte l’effet de la température de croissance sur les 
mécanismes d’échange et de ségrégation en surface. Pour les interfaces différant par leurs 
anions, la corrélation des résultats de diverses techniques nous conduit à une description 
précise de la composition chimique de ces interfaces en fonction des conditions de croissance 
et de son influence sur les propriétés électroniques de l’hétérostructure. L’obtention 
d’interfaces les plus abruptes possible nous amène à étudier la réactivité de surface des 
arséniures sous flux de phosphore pour laquelle nous déterminons les facteurs essentiels : 
dimères d’anions en surface et énergie de liaison des binaires impliqués. L’effet de la 
contrainte sur la morphologie des couches de semi-conducteurs phosphorés présente des 
similitudes et des différences avec le cas des arséniés. Nous proposons une interprétation de 
ces différences soulignant le rôle des reconstructions de surface spécifiques aux phosphorés.  

Nous envisageons ensuite l’utilisation de ces hétérostructures dans des transistors à 
effet de champ à modulation de dopage. Nous optimisons la croissance de structures à double 
plan de dopage, à canaux composites et étudions les limites des approches pseudomorphique 
et métamorphique pour les canaux en InGaAs à fort taux d’indium. Nous discutons enfin de 
l’intérêt des semi-conducteurs antimoniés pour améliorer les résultats obtenus avec les 
arséniés et phosphorés. 


