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Résumé
1 Introdution généraleLa tehnologie radar entame ette année son deuxième sièle. Le prinipereste inhangé (émission puis réeption de signaux életromagnétiques hyper-fréquene pour détetion d'objets distants), mais les tehnologies ont fortementévolué. En partiulier, les systèmes atuels doivent présenter une bonne sensi-bilité sur une plage de fréquene s'étalant de quelques kHz à plusieurs dizainesde GHz. La transmission sur �bre optique monomode présente une bande pas-sante supérieure de plusieurs ordres de grandeur à la transmission életroniquehyperfréquene. De plus, les �bres optiques présentent des aratéristiques mé-aniques (poids et volume) et d'insensibilité au rayonnement életromagnétiquequi en font des omposants de hoix pour les systèmes embarqués. Néanmoins,pour être ompétitif ave le âble oaxial, la liaison optique-hyperfréquene doitdépasser lairement les performanes de son onurrent historique. Alors queles pertes dans la �bre sont extrêmement réduites, le rendement de onver-sion életro-optique à l'émission, omme à la réeption dégrade le gain hyper-fréquene de la liaison, et limite ainsi sa ompétitivité. En partiulier, le gaind'une liaison optique hyperfréquene à modulation direte est proportionnel auarré du rendement du laser, qui n'est à l'heure atuelle que d'environ 1 photonouplé dans la �bre pour 10 életrons injetés dans le laser.Ce travail de thèse propose l'utilisation de soures laser à asade bipolairepour améliorer les aratéristiques des liaisons opto-hyperfréquene à modula-tion direte. Si N lasers sont onnetés en série (mis en asade), la modulationde ourant se propage de laser en laser. Le signal hyperfréquene est don on-verti N fois en modulation du signal optique. En ombinant ensuite es signauxon peut pro�ter de la onversion multiple. Le rendement életro-optique de lasoure et don le gain hyperfréquene de la liaison sont améliorés.Dans l'Introdution Générale, nous présentons le prinipe des lasers à as-ade bipolaire, ainsi qu'une bibliographie des reherhes e�etuées de par lemonde sur le sujet. Les lasers à asade bipolaire ont prinipalement été dévelop-pés pour trois appliations: augmenter la puissane optique émise, en retardantla destrution optique du omposant ; augmenter le gain modal des lasers à av-ités vertiales, et améliorer ainsi leur performanes ; augmenter le rendementdi�érentiel pour des appliations optique-hyperfréquene. Sur e dernier sujet,il est néessaire d'obtenir un fontionnement monomode du omposant, e quin'a pour l'instant pas enore été réalisé.



2. EMETTEUR À RAPPORT SIGNAL-SUR-BRUIT ÉLEVÉ2 Emetteur à rapport signal-sur-bruit élevé : dis-ussion sur les soures à asade bipolaire d'unpoint de vue �système"Nous omparons dans le hapitre 2 l'amélioration du gain hyperfréquene d'uneliaison optique omposée de plusieurs soures laser disrètes, suivant que lessoures sont onnetées en série ou en parallèle. Le shéma d'adaptation d'impédanejoue également un r�le important pour dé�nir l'amélioration que nous pouvonsespérer de l'utilisation de telles soures. Le as le plus répandu pour une trans-mission large bande est elui d'une adaptation d'impédane résistive : une résis-tane supplémentaire est mise en série ave le laser pour obtenir une résistanede soure de 50 ohms. Dans e as préis, il n'y a pas d'amélioration du gainhyperfréquene à espérer pour une onnetion en parallèle, alors que le gainhyperfréquene d'une liaison utilisant une struture laser à asade bipolaireaugmente omme le arré du nombre de lasers mis en asade.Pour valider expérimentalement et e�et, nous avons utilisé quatre lasers detype �butter�y". Les lasers sont rapprohés au maximum les uns des autrespour éviter un déphasage entre les signaux optique-hyperfréquene émis quiserait synonyme de perte de puissane hyperfréquene. Puis, nous avons polar-isé es lasers et injeté 1 mW de signal hyperfréquene à 80 MHz dans la soureomposée des quatre lasers en série. En onnetant suessivement les �bresissues des lasers à quatre bras d'un oupleur 4�4, nous obtenons l'évolution ex-périmentale du gain hyperfréquene en fontion du nombre de lasers mis en série.La �gure 1 montre une photo du montage expérimental et une omparaison desvaleurs obtenues ave les valeurs prédites par la théorie.Figure 1 Expériene pour valider les expressions théoriques de l'améliorationdu gain RF
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(b) Résultats expérimentauxL'exellent aord entre la théorie et l'expériene valide le alul du gainhyperfréquene e�etué pour une soure omposée de lasers disrets ave uneadaptation résistive. Nous obtenons théoriquement, omme expérimentalementune amélioration du gain hyperfréquene de presque 12 dB en utilisant 4 lasersdisrets mis en asade.En outre, la sommation de plusieurs signaux optiques permet de moyennerle bruit d'intensité et don de diminuer le bruit d'intensité relatif de la soure



2. EMETTEUR À RAPPORT SIGNAL-SUR-BRUIT ÉLEVÉomposite. Celui-i s'érit:RINsoure = Pi RINlasiP 2(opt)lasi�Pi P(opt)lasi�2 +Xi6=j hÆP(opt)lasi ÆP(opt)lasjiP(opt)lasiP(opt)lasj�Pi P(opt)lasi�2 (1)Le deuxième terme représente les orrélations possibles entre les souresde bruit. L'utilisation d'isolateurs optiques permet d'éviter toute réinjetion depuissane optique dans les lasers. De plus, nous avons véri�é expérimentalementque le niveau de bruit est le même lorsque les lasers sont polarisés en sérieave la même soure de ourant ou ave des soures de ourant séparées. Cettedernière onstatation prouve que nous n'observons pas de orrélation des signauxoptiques transmise par les onnetions életriques pour nos niveaux de bruit etpour une résistane série d'environ 50 
.Nous supprimons don le deuxième terme de l'équation 1 et tentons de validerl'expression résultante. Nous avons ainsi utilisé deux lasers en module et nousavons réunis les faiseaux à l'aide d'un oupleur optique. La �gure 2-(a) présentele dispositif expérimental, et la �gure 2-(b) présente les mesures e�etuées surette soure laser omplexe, en omparaison aux résultats attendus issus del'équation 1.Figure 2 Expériene pour valider les expressions théoriques de l'améliorationdu bruit d'une soure de lasers asadés.
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(b) Résultats expérimentauxUn ontr�leur de polarisation plaé dans l'un des bras du oupleur permetd'injeter les faiseaux ave des états de polarisation orthogonaux et d'éviterainsi un battement hétérodyne qui peut ajouter un bruit supplémentaire ausignal optique de sortie. Le bruit mesuré du signal de sortie suit parfaite-ment les ourbes théoriquement alulées à partir de l'équation 1. Si les deuxbras d'entrée sont parfaitement équilibrés (même puissane optique, même bruitd'intensité relatif), on obtient une amélioration du bruit d'intensité relatif pro-portionnelle au nombre de lasers qui omposent la soure optique. A puissanehyperfréquene injetée onstante, le rapport signal-sur-bruit de sortie ainsi que



3. DISCUSSION D'UN POINT DE VUE COMPOSANTle fateur de bruit de la liaison sont également améliorés proportionnellementau nombre de lasers qui omposent la soure.Cependant, l'utilisation de omposants disrets ne présente un réel intérêtque si les signaux sont ombinés sans perte optique. De plus, le déphasagehyperfréquene onséutif à la propagation du signal hyperfréquene d'un laserau suivant, et une onnetique non-appropriée limite très rapidement la bandepassante de la soure omposée de lasers disrets. Ces limitations interviennentprinipalement du fait de la distane qui sépare les soures individuelles, qui doitdon être réduite au minimum. Il est ainsi possible d'intégrer e prinipe par unemise en asade monolithique de plusieurs zones atives, 'est le laser à asadebipolaire. Les zones atives sont onnetées grâe à des jontions pn en inversefortement dopées, le ourant traverse la jontion par e�et tunnel. Pour assurerune sommation sans pertes, mais également pour pouvoir utiliser le omposantdans un système optique-hyperfréquene, il est néessaire que l'émission optiquesoit monomode.3 Disussion d'un point de vue omposant : unmodèle simple pour omprendre le fontion-nement d'une struture à asade bipolaire monomodeLe troisième hapitre de ette thèse présente un modèle basé sur les équationsd'évolution pour estimer l'amélioration que nous pouvons espérer d'un tel om-posant monolithique. Le but est de réer un modèle le plus simple possible pourqu'il reste ompréhensible, mais su�samment préis pour rendre ompte desaratéristiques des lasers à asade bipolaires dérites dans la littérature. Deplus, pour disriminer l'in�uene de l'augmentation du nombre de zones ativesde elles de l'augmentation du nombre de puits quantiques, nous omparonsdans un même formalisme un laser ave un puits quantique unique, un laserave une zone ative unique et deux puits quantiques et un laser ave deuxzones atives, un puits quantique par zones atives.Un bilan des partiules rées et reombinées par unité de temps onduit àl'ériture d'un système de trois équations aux dérivées partielles ouplées, forte-ment non-linéaires. Pour la struture à deux zones atives, les trois inonnuessont les populations de paires életron-trou disponibles pour une reombinaisonradiative dans la première zone ative, elle dans la seonde zone ative et lapopulation de photons dans le mode unique de la avité.La résolution de es équations en régime établi � ddt = 0� prévoit une évo-lution des aratéristiques ohérentes ave l'ensemble des résultats expérimen-taux présentés dans la littérature: augmentation du rendement di�érentiel ex-terne proportionnellement au nombre de zones atives, diminution du ourantde seuil presque inversement proportionnelle au nombre de zones atives si lespertes internes n'augmentent pas.Nous onsidérons ensuite les variations instantanées ÆX(t) des valeurs moyennesX. En régime de modulation petit-signal, nous négligeons les termes non-linéaires et obtenons un système linéaire d'équations ouplées. La transforméede Fourier de es équations nous permet d'érire la forme matriielle du systèmeà résoudre. Pour les strutures à deux puits quantiques ou à deux zones atives,nous nous intéressons uniquement à la variation temporelle de la somme des



3. DISCUSSION D'UN POINT DE VUE COMPOSANTpopulations de porteurs.La modulation des populations des partiules possède deux origines. Soitune modulation du ourant de polarisation du laser, soit des soures de bruit,représentées dans e modèle par des fores de Langevin.La �gure 3 présente la réponse du modèle à une modulation du ourantde polarisation obtenue pour la struture à deux puits quantiques et pour lastruture à deux zones atives. Les valeurs de réponse fréquentielle des systèmessont normalisées à la réponse de la struture à deux puits quantiques en bassefréquene.Figure 3 Réponse fréquentielle à une modulation de ourant pour la strutureà deux puits quantiques, et pour la struture à deux zones atives.
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Les deux ourbes présentent une allure similaire, ave une fréquene de ré-sonane omparable. Nous pouvons observer qu'en basse fréquene, la réponseà une modulation du ourant de la struture à deux zones atives est supérieurede 3 dB à la réponse de la struture à une zone ative, deux puits quantiques.Cet e�et est une onséquene direte de l'amélioration du rendement di�éren-tiel externe statique de la diode. Par ontre, à plus haute fréquene, la réponsedu laser à asade bipolaire s'in�éhie plus vite que elle du laser à zone ativeunique. Cette diminution de la bande passante du omposant est la onséquenede l'évolution de l'impédane di�érentielle de la diode (notamment résistanesérie) ainsi que du temps non nul de transit des porteurs entre les zones a-tives. Même si les valeurs utilisées pour es paramètres ne sont pour l'instantqu'estimées, et qu'elles demanderaient à être véri�ée expérimentalement, leure�et est e�etivement pris en ompte dans le modèle développé.Le bruit d'intensité optique du laser apparaît du fait de la nature orpusu-laire des porteurs életriques et de l'énergie lumineuse. Chaque éhange orpus-ulaire entre les di�érents réservoirs suit une loi de probabilité poissonniène. Learatère aléatoire des instants d'arrivée des événements (émission d'un photon,reombinaison d'une paire életron-trou...) agit omme une soure de �utu-ation interne, à laquelle le système d'équations ouplées va réagir. C'est laméthode de alul de Langevin. Le bruit d'intensité relatif est alors alulé



3. DISCUSSION D'UN POINT DE VUE COMPOSANTomme le rapport du arré moyen des �utuations de puissane optique sur learré de la puissane optique moyenne, et le résultat est le suivant :RINSQW(!) = �20S2SQW jH(!)j2!4R(SQW) �a1 + a2!2	 (2)ave : a1 = �2P!4R(SQW)DNN + 4�P�R!2R(SQW)DNP + 4 1�2RDPP+2 1�0 �P!4R(SQW)DNS + 1�0 2�R!2R(SQW)DPSa2 = DPP + 2 1�0 �P!2RDPSLes notations sont expliites dans le manusrit, DXX sont les oe�ients dedi�usion de Langevin. La formule est la même pour le laser à asade bipolaireet le laser à zone ative simple, et à deux puits quantiques. Néanmoins, lesoe�ients de di�usion de Langevin sont di�érents ar les éhanges entre lesréservoirs de partiules sont di�érents. Le tableau 1 reense les expressions dees oe�ients de di�usion pour les deux strutures.Fores de Langevin ExpressionsLaser à 1 zone ativeDNN(+)DQW Ie + N (+)DQW�E + (2nsp(DQW) � 1)PDQW�PDN(+)PDQW �(2nsp(DQW) � 1)PDQW�P � �N (+)DQW�EDPPDQW 2nsp(DQW)PDQW�P + �N (+)DQW�E�with nsp(DQW) = N(+)DQWN(+)DQW�2N0�Laser à asade bipolaireDNN(+)CQW Ie + N (2)CQW�E + (2nsp(CQW) � 1)PCQW2�PDN(+)PCQW �(2nsp(CQW) � 1)PCQW2�P � �N (2)CQW�EDPPCQW 2nsp(CQW)PCQW�P + �N (+)CQW�E�with nsp(CQW) = N(+)CQWN(+)CQW�2N0�Table 1: Résumé des oe�ients de di�usion estimés pour la méthode de alulde bruit de Langevin. nsp est le fateur d'inversion de population.Malgré es di�érenes, le alul du bruit d'intensité relatif des deux lasersproduit, pour une population de photon égale dans les deux types de strutures,des résultats très similaires omme nous pouvons le voir sur la �gure 4-(b). Laraison pour une di�érene si peu marquée dans l'estimation du bruit d'intensitérelatif est présentée à la �gure 4-(a), qui montre l'évolution de deux omposantesdu RIN qui dominent à haute et à basse fréquene. Ces omposantes sont elles



4. MODÈLE ÉLECTRONIQUE DU LASER À CASCADE BIPOLAIRE MONOMODEissues du bruit des photons dans la avité. Pour un laser monomode, le bruit estdon dominé par les �utuations rées par les proessus supposés poissoniensde réation et de disparition des photons dans la avité. Le niveau de e bruitest don �xé par la population de photons dans la avité. Les aratéristiquesen bruit des lasers à asade bipolaire seront don équivalentes à elles deslasers à simple zone ative, à moins que le reylage des porteurs ne permetted'augmenter la population de photons dans la avité.Figure 4 Résultats théoriques obtenus par résolution du modèle des équationsd'évolution.
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 2 zones actives(b) Comparaison des RIN pour le laser àzone ative unique et à deux zones ativesEn partiulier, la même omparaison pour un ourant de polarisation on-stant donne une population de photons plus importante pour le laser à asadebipolaire, et don un RIN plus faible.L'intégration de plusieurs zones atives dans un même mode optique permetthéoriquement une amélioration du rendement di�érentiel externe du laser d'unfateur n, où n est le nombre de zones atives, et don du gain hyperfréquenede la liaison à modulation direte d'un fateur n2. Cette propriété est onservéesur une bande passante plus importante que ne le permet l'arhiteture mono-lithique. Par ontre, malgré les espoirs qui reposent sur es strutures pourobtenir des omposants faible bruit [1,2℄, et ontrairement à l'arhiteture util-isant des lasers disrets, notre modèle montre qu'il n'est possible de diminuer leRIN qu'en augmentant la densité de photons dans la avité, et don la puissaneémise.4 Modèle életronique du laser à asade bipo-laire monomodeLa fabriation de lasers à asade bipolaire monomodes transverse néessiteune très forte intégration des di�érentes ouhes de semionduteurs. Plusieurszones atives ainsi que des régions fortement dopées doivent être omprises dansune épaisseur d'environ un miron. Pour onevoir de telles strutures om-plexes, nous avons utilisé et développé un logiiel de simulation auto-onsistantqui modélise le fontionnement des lasers à asade bipolaire.



4. MODÈLE ÉLECTRONIQUE DU LASER À CASCADE BIPOLAIRE MONOMODELe logiiel est basé sur un alul 1D de la densité de porteurs, du po-tentiel életrostatique et des ourants dans la diretion perpendiulaire auxouhes du semionduteur. Les équations onstitutives sont l'équation de Pois-son, une équation de onservation pour haque type de porteur, et une équa-tion de ourant �dérive-di�usion� pour haque type de porteur. Ce systèmed'équation est de plus nourri par deux autres modules de alul, l'un pour ré-soudre l'équation de Shrödinger dans le puits quantique et aluler ainsi le gainoptique, et l'autre pour résoudre les équations de Maxwell dans la struture etobtenir la répartition de l'énergie optique dans les di�érentes ouhes de semi-onduteur. C'est notamment grâe à e dernier module que nous pouvons nousassurer que la struture aura bien un omportement monomode transverse.Le logiiel initial n'était pas adapté à la simulation de strutures laser àasade bipolaire pour une émission à 1.5 �m, et une partie de e travail dethèse a onsisté à étendre les apaités du logiiel.La première modi�ation onerne le passage d'une modélisation sur matéri-aux pour une émission à 800-900 nm, à des matériaux à plus petit gap pour uneémission à 1.5 �m. Outre l'extension de la base de données, les prinipalesmodi�ations sur le modèle ont onerné la prise en ompte du ourant de re-ombinaison Auger dans les puits quantiques (il y a plus d'un ordre de grandeurde di�érene dans le oe�ient Auger pour les deux systèmes de matériaux), etl'utilisation de la statistique de Femi-Dira sur l'ensemble de la struture.Une deuxième modi�ation importante onerne la prise en ompte de plusieurspuits quantiques dans la struture. En e�et, jusqu'à présent, le logiiel n'étaitompatible qu'ave des strutures n'intégrant qu'un seul puits quantique. Lesinterations entre les grandeurs à aluler (densités de porteurs, ourants, po-tentiel életrostatique) étaient loale et la résolution par la méthode de Newtonnéessitait l'inversion d'une matrie tri-diagonale par blos, réalisée ave l'aided'algorithmes utilisant ette propriété. Dans une struture qui intègre plusieurspuits quantiques, le ourant de reombinaison par émission stimulée dans unpuits quantique dépend du gain généré par l'ensemble des puits quantiquesainsi que de la densité de porteurs et du reouvrement ave l'onde optique de epuits quantique. Le logiiel alule don un gain d'ensemble omme la sommedu gain de haque puits quantique avant de répartir e oe�ient sur haquepuits quantique pour aluler le ourant de reombinaison loal. Des termesnon-diagonaux apparaissent aratéristiques de l'interation entre les porteursdes di�érents puits quantiques via le hamp életromagnétique. Ces termesnon-diagonaux sont traités omme des termes perturbatifs.En�n, dernière modi�ation néessaire à la modélisation d'un laser à asadebipolaire, la prise en ompte du ourant qui passe par e�et tunnel dans unejontion fortement dopée p++-n++ polarisée en inverse. Nous développonsdans le manusrit l'intégralité du alul basé sur la résolution de l'équation deShrödinger jusqu'à obtenir la formule quasi-analytique proposée par E.O. Kane[3℄. Le fort hamp életrostatique présent au entre de la jontion tunnel ourbeles bandes de ondution et de valene. La résolution de l'équation de Shrödingerperturbée par un terme de hamp életrostatique ajouté à l'hamiltonien onduità l'expression de fontions d'onde des életrons proportionnelles à des fontionsde Airy. Ces fontions ont la propriété d'avoir un reouvrement non nul (et donles életrons ont une probabilité de présene non nulle également) à l'intérieurde la bande interdite. Le reouvrement des fontions d'onde des életrons dans



5. CONCEPTION D'UN LASER À CASCADE BIPOLAIRE MONOMODE TRANSVERSEla bande de valene et dans la bande de ondution onduit à la déterminationd'une probabilité de transmission par e�et tunnel d'un életron inident sur labarrière de potentiel de l'autre �té de elle-i. Une intégration de ette proba-bilité de transmission sur l'ensemble des életrons inident onduit à l'expressionsuivante pour le ourant tunnel [3℄:Jtunnel = emr18~3 exp ��pmrEg2p2~eF !�E?2 ��D (3)ave D = Z �f1(E1)� f2(E2)��1� exp��2 EsE?�� dELe terme en exponentiel est le terme prépondérant, responsable du aratèretrès non-linéaire du ourant tunnel. Le troisième terme tient ompte de l'énergietransverse des életrons, et le dernier terme est homogène à une énergie etorrespond à l'intégrale du ourant tunnel sur l'ensemble des paires d'états àla même énergie, oupés dans la bande de valene et libres dans la bande deondution.5 Coneption d'un laser à asade bipolaire monomodetransverseDans le dernier hapitre qui ompose ette thèse, nous utilisons tout d'abordle modèle présenté dans le hapitre préédent pour la oneption de jontionstunnel, et pour la oneption de lasers à asade bipolaire.Il est souhaitable pour le bon fontionnement du laser que la jontion tunnelimplémentée soit le moins résistive possible. Pour ela, plusieurs paramètrespeuvent être optimisés. Nous dérivons l'évolution du ourant tunnel en fontionde deux paramètres ritiques : les matériaux qui onstituent la jontion, et leniveau de dopage de es matériaux.Aux vues de l'expression du ourant tunnel donnée par l'équation 3, dimin-uer l'énergie de gap permet d'augmenter le ourant qui traverse la jontiontunnel sous polarisation inverse. Ce phénomène est on�rmé par la �gure 5-(a)qui représente l'évolution de la aratéristique ourant-tension alulée d'unediode tunnel en fontion du matériau qui la ompose, pour un même niveaude dopage. Il est à noter que la diminution du gap du matériau s'aompagned'une diminution de la masse e�etive de passage par e�et tunnel qui augmenteenore le ourant tunnel. Néanmoins, un matériau ave une énergie de gap troppetite pourra être absorbant à la longueur d'onde d'émission. Nous optons pourun matériau ayant une longueur d'onde de photoluminesene de 1.35 �m quiprésente un ompromis entre l'énergie de gap et l'absorption fondamentale, etest par ailleurs un matériau dont nous onnaissons les onditions de roissane,ar il est utilisé pour d'autres types de strutures.



5. CONCEPTION D'UN LASER À CASCADE BIPOLAIRE MONOMODE TRANSVERSEFigure 5 Utilisation du logiiel préédemment dérit pour onevoir la jontiontunnel.
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(b) Evolution du ourant tunnel ave leniveau de dopageLe deuxième paramètre que nous pouvons optimiser est le niveau de dopagedu matériau onstituant la jontion tunnel. Augmenter le niveau de dopage per-met d'augmenter le hamp életrostatique dans la struture ainsi que le niveaude dégénéresene du matériau, qui ontr�le le nombre d'états oupés de labande de valene ave la même énergie qu'un état libre dans la bande de on-dution. Une illustration est présentée sur la �gure 5-(b) qui montre l'évolutionde la aratéristique ourant-tension aulée pour une jontion tunnel réaliséedans un matériau 1.35 �m pour un dopage variant de 4�1018 m�3 à 6�1018m�3. Pour une tension en inverse donnée, le ourant qui traverse la diodeaugmente fortement, même pour une variation minime du dopage du matériau.A nouveau, il existe un ompromis sur le niveau de dopage optimal, ar uneaugmentation du niveau de dopage augmente les pertes par porteurs libres quipeuvent jouer un r�le important, en partiulier pour les lasers à asade bipo-laire monomodes, pour lesquels la jontion tunnel si situe à l'intérieur du modeoptique. Cette fois-i, le niveau de dopage va en fait être hoisit non pas ommeompromis entre les pertes et la ondutivité tunnel, mais plut�t omme limiteintrinsèque d'inorporation du dopant Zn que nous utilisons pour le dopage pde la struture.Le dopant Zn est le dopant généralement utilisé omme aepteur pour lesstruture InGaAsP/InP en MOCVD. Néanmoins, un des inonvénients de sonutilisation est le fort oe�ient de di�usion qu'il peut montrer pour des den-sités de dopage importantes [4℄. Nous présentons dans e manusrit une re-vue bibliographique qui nous permet de nous familiariser ave les méanismesd'inorporation et de di�usion de et atome dans la maille ristalline. Nousétudions également l'in�uene des paramètres de roissane sur les pro�ls et lesoe�ients de di�usion. Finalement, nous essayons d'estimer les oe�ients dedi�usion que nous risquons d'obtenir sur nos matériaux en appliquant une loide Vegard sur les oe�ients de di�usion publiés sur matériaux binaires. La �g-ure 6 présente le oe�ient de di�usion, et l'inorporation maximale d'atomesestimée en fontion de la onentration en arseni.



5. CONCEPTION D'UN LASER À CASCADE BIPOLAIRE MONOMODE TRANSVERSEFigure 6 Coe�ient de di�usion et inorporation maximale du Zn dans In-GaAsP/InP estimé à partir d'une loi de Vegard sur les binaires.
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A�n d'estimer expérimentalement la résistivité que nous pouvons espérerobtenir dans nos jontions tunnel, nous avons réalisé une struture de test dansdes onditions aussi prohes que possible des onditions réelles d'implémentationdans une struture laser à asade bipolaire. La �gure 7 dérit la strutureréalisée.Figure 7 Struture réalisée dans le but d'estimer la résistivité ajoutée par unejontion tunnel.Couhe épaisseur dopage (m�3)InP 0.5 �m n: 1018�PL = 1:35 �m 25 nm n: 5� 1018�PL = 1:35 �m 25 nm p: 5� 1018InP 0.1 �m p: 1018�PL = 1:35 �m 0.5 �m p: 5� 1018InP 0.1 �m p: 1018InP 0.5 �m n: 1018(a) Liste des ouhes de semionduteur
n-type contact

λλλλ========= 1.35 µµµµm
tunnel junction

InP: n

InP: p

p-type contact

InP: p

InP: n

n-type back-surface contact

L

 = 300 µµµµm

(b) Représentation shématiquede la strutureTrois életrodes sont fabriquées sur la struture : une életrode de type npleine plaque, en fae arrière, une életrode de type n sur le dessus d'un rubangravé de 300 �m, et une életrode de type p déposée à la suite de la gravure om-plète de la jontion tunnel sur le matériau 1.35 �m fortement dopé p, qui noussert également de ouhe d'arrêt de gravure humide. La onnaissane (suite



5. CONCEPTION D'UN LASER À CASCADE BIPOLAIRE MONOMODE TRANSVERSEà des mesures TLM) des résistanes de ontat et la di�érene des mesuresdes aratéristiques ourant-tension entre le sommet du ruban et la fae arrière(jontion tunnel et jontion pn en direte) et entre l'életrode p et la fae ar-rière (uniquement jontion pn en direte) nous permet d'aéder à la mesuredu ourant tunnel en fontion de la tension appliquée sur la jontion tunnel.Cette mesure nous donne une estimation de la résistivité de la jontion tun-nel. Malheureusement, un ourant surfaique important, estimé en mesurantles aratéristiques pour des pues de longueur di�érentes limite la préision dela mesure. De plus, la résistane hute très rapidement en dessous de quelquesohms, e qui est très faible pour espérer une mesure �able. Malgré es limi-tations, nous obtenons une estimation de la résistane tunnel rapportée à unestruture de dimension 3 �m par 300 �m de l'ordre de 42 
.Pour tenter de omprendre ette forte résistivité de la jontion tunnel, nousréalisons des mesures SIMS sur la struture de test ainsi que sur les strutureslaser qui intègrent une jontion tunnel. La di�usion des dopants et les niveauxde dopage sont dans les limites de résolution de la tehnique de aratérisa-tion, rejetant l'hypothèse d'un problème survenu au niveau de la roissane duomposant.La oneption du laser à asade bipolaire ne s'arrête pas à elle de la jon-tion tunnel. En partiulier, la forte intégration de ouhes de semionduteurayant haune leur néessité onduit à une oneption spéi�que de es stru-tures. Nous utilisons le logiiel dérit dans le hapitre préédent pour onevoirdes strutures à asade bipolaire monomode transverse. La �gure 8 présentele diagramme de bande d'un laser à asade bipolaire à l'équilibre thermody-namique.Figure 8 Diagramme de bande d'un laser à asade bipolaire à l'équilibre ther-modynamique.
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Pour illustrer le besoin d'une oneption spéi�que, nous disutons l'in�uenede l'épaisseur des ouhes de on�nement des porteurs de part et d'autre de lajontion tunnel. Ces ouhes sont dopées. Si es ouhes sont trop épaisses,le reouvrement ave le mode optique augmente les pertes par porteurs libres.



5. CONCEPTION D'UN LASER À CASCADE BIPOLAIRE MONOMODE TRANSVERSEPar ontre, si es ouhes sont trop �nes, les porteurs (et en partiulier leséletrons) peuvent passer par e�et thermoionique au-delà de es barrières. Leséletrons sont ensuite entraînés dans la deuxième zone ative par le fort hampéletrostatique de la jontion tunnel et ne partiipent pas au reylage et donà l'amélioration du rendement di�érentiel. Ce phénomène est modélisé par lelogiiel spéialement développé, et les résultats sont présentés sur la �gure 9,qui montre les aratéristiques puissane-ourant et tension-ourant des lasersà asade bipolaire pour di�érentes épaisseurs de ette barrière de on�nement.La ourbe puissane-ourant se redresse au fur et à mesure que l'on augmentel'épaisseur de la barrière de on�nement.Figure 9 Evolution des aratéristiques statiques alulées de lasers à asadebipolaire, pour di�érentes épaisseurs de ouhes de on�nement des porteurs.
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Nous avons réalisé quatre strutures à asade bipolaire, réparties en deuxséries. La série A possède deux zones atives de quatre puits quantiques haune,et a été réalisée en une seule épitaxie. La série B intègre trois zones ativeshaune possédant deux puits quantiques et intègre un réseau de Bragg qui anéessité une roissane en deux étapes. La �gure 10 présente la répartitionmodale dans les strutures A1 et B2, alulées pour n'aepter l'osillation qued'un seul mode transverse. La struture A2 est similaire à la struture A1. Seuleune ouhe de 30 nm de on�nement des trous a été enlevée. La struture B1 estsimilaire à la struture B2, mais ette fois-i toutes les ouhes de on�nementéletronique ont été enlevées.Nous observons d'abord que les strutures qui ne possèdent pas l'ensembledes ouhes de on�nement életriques (A2 et B1) fontionnent dans un régimedi�érent des strutures qui intègrent toutes les ouhes de on�nement életrique(struture A1 et B2). Le saut de tension est beauoup plus faible et prohe dusaut néessaire à la polarisation d'une seule zone ative. Les porteurs ne sont enfait pas reylés, et es strutures se omportent omme des strutures à simplezone ative. Ce qui était plut�t un défaut de oneption va �nalement nousêtre très utile. Nous allons en e�et pouvoir omparer des strutures épitaxialessimilaires dont la seule di�érene est le hemin énergétique emprunté par leséletrons pour traverser la struture. Dans un as, nous sommes assuré de



5. CONCEPTION D'UN LASER À CASCADE BIPOLAIRE MONOMODE TRANSVERSEn'avoir pas de reylage, dans l'autre as, nous allons pouvoir observer l'in�uened'un reylage éventuel des porteurs. L'ensemble des résultats expérimentauxont été obtenus en ourant pulsé à la température ambiante, ar les struturesne présentent pas d'e�et laser en ourant ontinu.Figure 10 Distribution modale de l'énergie lumineuse dans la avité.
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3.40

3.35

3.30

3.25

3.20

3.15

Indice de réfraction

0.80.40.0-0.4
Position (µm)

1.6

1.2

0.8

0.4

0.0

M
od

e 
op

tiq
ue

 (
u.

a.
)

(b) Struture B2Nous étudions d'abord les pertes par transmission dans les strutures monomodes.Nous n'observons pas de di�érene notable entre les pertes mesurées pour lesstrutures possédant une jontion tunnel fortement dopée au entre du modeoptique (B1 et B2) et des strutures de référene à six puits quantiques, ommele montre le résultat de ette mesure sur la �gure 11. Cette mesure a été réaliséeen omparant le spetre résultant de la transmission d'un faiseau large bandeoptique.Figure 11 Pertes pour di�érentes strutures mesurées à partir du spetre detransmission de la struture passive.
30

20

10

0

P
er

te
s 

du
 m

od
e 

(c
m

-1
)

654321

Largeur du ruban ( µm)

 Structure B1
 Structure B2
 Structure de réf. avec 6 PQs

La mesure des aratéristiques tension-ourant de la struture A1 sur desstrutures de di�érentes longueurs nous permet d'estimer le ourant surfaiquebeauoup plus limité que dans le as de la struture test.A�n d'estimer l'étalement des lignes de ourant sur la jontion tunnel, nous



5. CONCEPTION D'UN LASER À CASCADE BIPOLAIRE MONOMODE TRANSVERSEfabriquons deux types de rubans sur les strutures de la série A. Un premierruban étroit (2.5 �m) et peu profond est réalisé pour tenter d'obtenir un fon-tionnement monomode. Ce ruban présente ependant l'inonvénient de ne pasempêher l'étalement du ourant. Une autre struture ave un ruban plus large(18 �m) et plus profond (l'ensemble des zones atives est gravé) nous permetde nous a�ranhir de l'étalement du ourant. Une omparaison des ourantsde seuil de la même struture (A1) pour les deux tehnologies nous permetd'estimer, en supposant que les densités de porteurs au seuil sont les mêmes, lalargeur e�etive d'étalement du ourant sous le ruban de 2.5 �m. Nous obtenonsune valeur qui avoisine les 12 �m.Pour obtenir les aratéristiques intrinsèques, nous utilisons les strutures àruban profond qui empêhent omplètement l'étalement du ourant. Nous pou-vons ainsi omparer le rendement quantique interne des strutures A2 (struturequi ne reyle pas les porteurs) et A1 (struture à asade bipolaire que nousaratérisons). La �gure 12 présente le résultat des mesures du rendement dif-férentiel externe en fontion de la longueur de la avité. L'intersetion de ettedroite ave l'axe des ordonnées nous renseigne sur le rendement quantique in-terne.Figure 12Mesure des pertes internes et du rendement interne dans les strutureA1 et A2 pour un ruban de 18 �m.
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(a) Struture A1
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(b) Struture A2Nous obtenons un rendement de l'ordre de 68 % pour la struture A2, etun rendement de 126 % pour la struture A1. Le rendement est quasimentle double pour la struture A1, démontrant le reylage des porteurs dans esstrutures. Cette même régression linéaire nous renseigne sur les pertes de lastruture que nous estimons à 16 m�1 pour la struture A2, et à 43 m�1 pourla struture qui reyle les porteurs. Cette très grande di�érene ne s'expliquepas par un reouvrement plus important ave des ouhes de semionduteurdopées ar les strutures sont de e point de vue là quasiment identiques. Ce quiles di�érenie est uniquement le hemin de ondution énergétique des porteursdans la struture. Dans la struture A2, ils passent au dessus des faibles barrièresde on�nement életronique, et dans la struture A1, ils passent par e�et tunnelau travers d'une barrière de potentiel. Si ette barrière est plus large que e



5. CONCEPTION D'UN LASER À CASCADE BIPOLAIRE MONOMODE TRANSVERSEque prévoit notre modèle, il est possible que la jontion tunnel soit une zone oùl'aumulation des porteurs augmente les pertes par porteurs libres.Dans la dernière partie de e hapitre, nous nous intéressons à la omparaisondes strutures A1 et A2 sur une struture à ruban étroit et peu profond. La �g-ure 13 présente les aratéristiques puissane-ourant pour les deux strutures,ainsi que le rendement di�érentiel externe mesuré sur haque struture.Figure 13 Caratéristiques des strutures ave un ruban étroit (2.5 �m).
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Contrairement à la aratéristique de la struture A2, elle de la struture A1n'est pas très linéaire, e qui pose un problème important pour l'utilisation dees strutures dans les systèmes optique-hyperfréquene. Nous pouvons égale-ment remarquer qu'au niveau du seuil, le rendement di�érentiel externe de lastruture A1 atteint des valeurs très importantes que l'on peut expliquer parun phénomène d'absorption saturable, ou un resserrement des lignes de ourant.Au-delà de et aident, le rendement di�érentiel externe de la struture A1 sur-passe largement elui de la struture A2 sur une plage de ourant relativementimportante, montrant ainsi l'amélioration du rendement di�érentiel externe parle reylage des porteurs. Il reste ensuite à savoir si la struture est restéemonomode transverse, e que nous prouvons en mesurant le hamp lointain quidérit la distribution angulaire de l'énergie lumineuse à la sortie de la diode.Comme le montre la �gure 14, le faiseau optique ne présente qu'en seul lobedans la diretion parallèle et dans la diretion perpendiulaire aux ouhes. Cesdiagrammes onstituent la démonstration du fontionnement d'un laser à as-ade bipolaire monomode transverse.



6. CONCLUSIONFigure 14 Champ lointain des strutures ave un ruban étroit (2.5 �m).
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Direction parallèle (degrés)6 ConlusionAprès avoir démontré théoriquement et expérimentalement l'amélioration possi-ble du gain hyperfréquene et du fateur de bruit d'une liaison optique-hyperfréquenesur une arhiteture de lasers disrets asadés, nous avons développé deux mod-èles de simulation des omposants intégrés de manière monolithique. Le premiernous a permis de on�rmer les attentes que l'on pouvait avoir pour améliorerle rendement di�érentiel externe des lasers, mais de rejeter l'espoir d'obtenir demeilleurs aratéristiques en bruit que des lasers à simple zone ative. Le deux-ième est un logiiel de simulation pour assister la oneption de laser à asadebipolaire. Il repose sur la statistique de Fermi-Dira, aepte plusieurs puitsquantiques et alule le ourant qui traverse une jontion tunnel. A l'aide de elogiiel, nous avons onçu puis réalisé des strutures qui ont permis une amélio-ration d'un fateur 2 du rendement quantique interne, puis la démonstrationd'un laser à asade bipolaire monomode transverse.Une voie d'exploration importante pour l'amélioration à ourt terme desstrutures (notamment pour éviter l'étalement du ourant qui induit des non-linéarités, et pour obtenir un fontionnement en ourant ontinu) est l'améliorationde la jontion tunnel.Référenes[1℄ J.K. Kim et al., Epitaxially-staked multiple-ative-region 1.55 �m lasersfor inreased e�ieny. In IEEE Conferene on Lasers and Eletro-optis,CLEO'99, page 139, Baltimore, MD, USA, May 1999[2℄ F. Rana et al., Photon noise and orrelations in semiondutor asade lasers.Applied Physis Letters, 76(9):1083-10-85, Feb. 2000[3℄ E.O. Kane, Theory of Tunneling. Journal of Applied Physis, 32(1):83-91,Jan. 1961[4℄ Brian Tuk, Di�usion of aeptors in n-type and semi-insulating InP. Journalof Crystal Growth, 170:451-455, 1997
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Chapter 1General Introdution\The reation of the radar, whih was laimed by theEnglish who managed to spread this idea in Ameria, wasfailitated to them by the irumstanes of the war and theoupation of Frane by the Germans. However the truth isother. . . "Emile Girardeau, Member of the \Aad�emie desSienes morales et politiques"
1.1 From the blurred origins of radar engineer-ing to urrent researh on opto-RF linksRADAR (Radio Detetion and Ranging) systems have a very ontroversial his-tory. For the sienti� priniple, siene historians are unanimous to laim thatit all began in 1888 when Heinrih Rudolf Hertz (see �gure 1.1-(a)) �rst exper-imentally proved the existene of eletro-magneti waves that James Maxwelltheoretially predited in 1873. For the tehnologial realization however, thereare divergent points of view. The paternity of the onept is urrently attributedto Robert Wattson-Watt, who had radar stations installed for deteting shipsor planes along Great Britain east oast in 1935. History retains his name be-ause of the eminent role the detetion system has played during WWII airbornebattles in south Great Britain, in 1940.But the existene of a Frenh patent dated July 1934 [1℄ raises doubts aboutthe British origin of the devie. It desribes eletro-magneti studies ondutednear Palaiseau (south of Paris, Frane) with wavelength ranging from 16 m to80 m. The �rst ship equipped with a radar detetion system was the Frenhargo \Oregon", on whih detetion was realized in 1934 up to 12 marine miles(�20 km) [2℄. It was then installed on the Frenh ship \Normandie" (see �gure1.1-(b)). Still this is not the �rst and foremost appearane of a radar devie.7



1. General IntrodutionFigure 1.1 History of the radar system: some pitures from the past.

(a) Heinrih R. Hertz, 1890 (b) The radar system on theship \Normandie", 1934Beause of the deisive use of radar systems by the Atlanti Coalition duringthe Seond World War, it is atually surprising to �nd the father of the radarsystem on the other side of the Frenh-German border. Christian H�ulsmeyerinvented in 1904 a devie alled \Telemobiloskop" [3, 4℄. Designed to detet ie-bergs on transatlanti ships, this devie is onsidered today as the true anestorof modern radar (f. �gure 1.2). Thirty years later (early 1934), still in Ger-many, the �rst \modern" radar system for deteting ships is ommerialized bythe ompany GEMA founded by another radar pioneer: Dr. Hans E. Hollmann[4℄.Figure 1.2 The German patent for \Telemobiloskop", the anestor of modernradar.

Sine the 30's, the radar emitter-detetor devie has not hanged dramati-ally: in most types of antennas, a paraboli reetor onentrates the eletro-8



1.2 What industrial appliations an gain from opto-RF linksmagneti signal to the ative element. What has been drastially advanedhowever is the signal transmitted via the radar antenna and its orrespond-ing reeiver. There is now a need for arrier wavelength as short as possibleto inrease detetion preision as well as high RF power to improve sensitiv-ity. Furthermore, with the emergene of eletroni warefare, we need to resolvethe whole mirowave spetrum, from a few kHz, to several tens of GHz! Therequirements for radar systems and above all, the spei�ations required forradar-driving RF iruits have aught up with the eletroni state of the art,for instane in terms of bandwidth transmission apaity.Now, thanks to the very high bandwidth available in suh systems, thereent development of optial transmission tehnologies appeared to be of majorinterest for use in radar systems. In this ontext, opto-RF link are urrentlydeveloped to be implemented in radar systems. The researh work presented inthis thesis fouses on the improvement of opto-RF link harateristis by theuse of a spei� devie: the bipolar asade laser (BCL).In the General Introdution I will list some appliations for whih the use ofBCL an be a deisive asset, explain briey the funtions of the bipolar asadelaser, and desribe the state-of-the-art of bipolar asade laser. Eventually, Iwill give a brief outline of the following thesis report.1.2 What industrial appliations an gain fromopto-RF linksThe work presented in this thesis has been ahieved within the Mirowave Pho-tonis Lab. (MPL) at Thales Researh & Tehnology, Orsay, Frane. The MPLis a Thales Corporate researh entity developing tehnologies intended to beinorporated in systems designed by Group Thales ompanies, namely ThalesAirborne Systems, Thales Air defense, Thales Eletron Devies, and ThalesCommuniations. The MPL fouses on the development of omponents andsystems aiming at transmitting the RF signal emitted/reeived by the radarantenna between the physial radiative element and the information proessingmodule.This setion provides two typial examples of the use of opto-RF links, forwhih a bipolar asade laser would be used, when its expeted harateristisare to be attained.1.2.1 Ground radarsIn the spei� ase of nowadays ground radars, the information proessing mod-ule stands very lose to the radiative element in order to redue transmissionlosses. A shemati view of urrently implemented arhiteture is depited on�gure 1.3-(a). The useful information is then transmitted to the deision modulevia standard base-band information transmission protools. This arhitetureentails some important drawbaks:� The expensive information proessing module ontaining the main part ofthe link intelligene is vulnerable to weather onditions as well as enemy-aused interferene. 9



1. General Introdution� The information proessing module is loated as lose as possible to theradiative elements. The transmitter unit generates heat that may alterthe performanes of the reeiver module.� The useful information may be interepted along the transmission link.� The information proessing module ontaining the defense-proteted al-gorithms need to be militarily seured.Figure 1.3 Shemati omparison between urrently used eletrial (a), andproposed opto-RF (b) transmission arhitetures for ground radar.
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Opto-RF link (b)This arhiteture may be further enhaned using a �ber optial (FO) link,shematially represented on �gure 1.3-(b). The FO link onsists of a lasersoure, a photodiode, and the optial �ber. The RF signal is transmitted as-reeived diretly to the entral proessing unit whih entralizes also the wave-form generation funtion. Even for several antennas, a unique seured shelterontains all the ostly and defense-sensitive devies. Regarding the requiredbandwidth (up to 5-6 GHz), and the typial distane between the antenna andthe shelter (a few hundred meters), this arhiteture annot be realized witheletronis transmission and requires opto-RF links.1.2.2 Eletroni warefareAnother domain of appliation onerns eletroni warefare; the defense of theeletro-magneti spetrum. To prevent missile attaks or information spying,airrafts need nowadays to get preise information on any eletro-magneti sig-nal emitted in its viinity over a very large bandwidth of interest (up to tens ofGHz!) 10



1.3 Current opto-RF links shortomingsFigure 1.4 Shemati of the eletroni warefare equipment installed on anairraft.
Information

processingReeivers plaed along the airplane transmit raw information to an informa-tion proessing module. Figure 1.4 illustrates shematially this arhiteture.Phase triangulation enables for instane to identify the angle of arrival of athreat. The alulation of the angle is all the more aurate as the reeiver ele-ments are far from eah other. For airborne appliations, the �ber opti trans-mission of the raw data enjoys a lot of mehanial advantages: light weight,small bending radius whih saves ostly volume, immunity to eletro-magnetiperturbation. . .1.2.3 Other advantages of opto-RF linksIn addition, an optial information network enables the development of addi-tional funtions:� Broad-band, at ampli�ation: optially amplifying a modulated lightsignal simultaneously ampli�es the RF signal over the whole bandwidth.� Use of wavelength multiplexing that enable parallel proessing of di�erentRF signals.� Others spei� properties suh as bidiretional transmission of several RFarriers or loal osillators through an optial rotating joint.1.3 Current opto-RF links shortomingsFigure 1.5 displays the shemati of a simple opto-RF link. The diretly mod-ulated laser soure onverts the input RF signal into a modulated light signal.This light beam is transmitted via the optial �ber and onverted again to anoutput RF signal in the photoreeiver. 11



1. General IntrodutionFigure 1.5 Shemati of a simple opto-RF link.
Photo-

receiver

Laser

source

P(RF)in P(RF)out

The RF link gain, de�ned as gRF = P(RF)outP(RF)in is very low for non-optimizedopto-RF links (in the order of -30 dB). In order to be adopted in systems,despite all the remaining advantages of opto-RF links, the requirements arevery ambitious: we need to ahieve a loss-less link (gRF = 0 dB!).Besides, another key parameter is the noise �gure (noise added by the opto-RF link), whih is given byNF = P(RF)in=P(noise)inP(RF)out=P(noise)outIt urrently lies in the order of 40 dB. This very high �gure is mainly due tothe poor link gain and some additional noise introdued by the laser. It shouldbe redued to 10 dB to spread its implementation in systems.This thesis proposes a new laser devie, the bipolar asade laser (BCL), toinrease the RF link gain in line with the objetives of the present researh inthe �eld of opto-RF transmission.1.4 Priniple of the bipolar asade laserA semiondutor laser is usually omposed of layers of semiondutor materialsforming an ative p-n juntion. Above a urrent threshold, injeted arriers(eletrons in the n-side, and holes in the p-side) reombine in the ative regionand may give birth to one photon (see �gure 1.6-(a)). In pratie, the emissionproess enounters losses. The quantum external di�erential eÆieny is de�nedas the number of photons emitted from one laser faet, for one eletron-hole pairinjeted. This �gure is proportional to the slope of the optial power-versus-urrent urve, whih is alled di�erential external eÆieny (�d) and is expressedin W/A. The quantum di�erential eÆieny typially lies in the order of 25%(whih orresponds to �d ' 0:2 W/A for an emission at 1.55 �m), and an beraised up to 50% (�d ' 0:4 W/A) with proper high-reetivity/anti-reetiveoatings.A bipolar asade laser is omposed of N p-n ative juntions epitaxiallystaked. The injeted eletrons go through the N juntions and potentiallyemit a photon in every juntion (see �gure 1.6-(b)). One eletron may givebirth to several photons! As a onsequene, di�erential external eÆieny �dinreases approximately by a fator of N , as shown in �gure 1.6.Besides, this di�erential eÆieny is also the low frequeny response to aurrent modulation. The same urrent modulation applied to the bipolar as-ade laser will inrease the amplitude of the light beam modulation thus leading12



1.5 History and state-of-the-art of bipolar asade lasersFigure 1.6 Priniple of the bipolar asade laser, and shemati omparisonbetween single-ative-juntion lasers and bipolar asade laser. Shemati de-sription of the role of the di�erential eÆieny for inreasing the RF link gain.
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(b) Bipolar asade laserto an overall RF link gain improvement as ompared to a single-ative-regionlaser.1.5 History and state-of-the-art of bipolar as-ade lasersThere are three main appliations for BCL: high power, VCSELs and mirowaveoptis. Eah of these appliations uses very spei� designs. Furthermore, evenif no exhaustive bibliography review will be done, it should be noted that thepriniple of asading ative juntions arries some interest not only for lasers,but also for light-emitting-diodes (see for instane [5, 6℄), and for tandem solarells (see for instane [7℄).1.5.1 High-power appliationsHigh power edge emitter BCLs usually onsist in ative regions separated byseveral mirons: the light intensity an be spread among the di�erent ativeregions, lowering, for a given output power, the maximum loal eletri �eldand pushing bak the atastrophi optial damage threshold for GaAs-baseddevies. The devie represents the integrated version of a vertial laser diodearray, and is the building blok for 2-D laser diodes arrays.13



1. General IntrodutionThe �rst BCL was atually proposed in 1982 by van der Ziel et al. for high-power appliations [8℄ (see �gure 1.7-(a)). It was grown on a GaAs substrate. In1997, Garia et al. from Thales Researh & Tehnology (Thomson-LCR at thistime) demonstrated a two-ative-juntion, two-urrent-threshold, and even two-olor multi-quantum-well BCL, still on GaAs substrate [9℄. Soon afterwards, thesame team (Laurent et al., from Thales Researh & Tehnology) transposed theonept to InP substrate, still for inreasing the output power [10℄. The tunneljuntion was made of one n-doped (Si:5�1018 m�3) InGaAsP (� = 1:2 �m)layer, and one p-doped (Zn:5�1018 m�3) InGaAsP (� = 1:2 �m) layer.The Massahusetts Institute of Tehnology (MIT) demonstrated in 1999, the�rst CW, room-temperature operation of a BCL, still on GaAs substrate, fora 980-nm-emission [11℄. Meanwhile, an industrial team in Germany (In�neonTehnologies Corporate Researh and Osram Opto Semiondutors) studied thesalability of "mirostak" lasers with two and three ative juntions [12℄.Sine then, several investigations have been arried out mainly to improvethe reliability of the devies: studies of the temperature properties (Patter-son et al. at the MIT [13℄), reliability tests using near-�eld optial mirosopy(for Osram Semiondutors in Germany [14{16℄) and optimization of the tunneljuntion (by inreasing the dopant onentration) for reduing the series resis-tivity and thus the power onsumption [17℄. Bipolar asade lasers are evenalready ommerially available for pulsed operation at 905 nm, up to 75 W [18℄(see �gure 1.7-(b))!Figure 1.7 Twenty years of tehnologial evolution!
100 µm

Lasing active junctions

GaAs substrate

(a) Near-�eld pattern of the�rst BCL (1982) [8℄ (b) Commeriallyavailable BCL (2004)[18℄1.5.2 Bipolar Casade Vertial Cavity Surfae EmittingLasers (BCVCSEL)There are three main reasons why researh on BCL was oriented towards vertialavity surfae emitting lasers (VCSELs). First, due to the very short avity, theVCSEL round-trip gain is usually very low. Casading several ative juntionsan provide a deisive asset to inrease the laser gain (thus reduing the laserthreshold and inreasing the maximum output power). Seondly, the maindiÆulty in the fabriation of a bipolar asade laser is the fabriation of a low-resistivity tunnel juntion. The �eld of bipolar asade lasers took advantage of14



1.5 History and state-of-the-art of bipolar asade lasersall the researh work already performed onerning the use of tunnel juntionsfor p-side mirror resistivity redution. Thirdly, with the VCSEL onept, it ispossible to design the BCL so that the knots of the standing waves oinide withthe heavily-doped (and thus highly absorbing) tunnel juntions (see �gure 1.8-(a)). The periodi struture (real and imaginary periodi refrative index) mayalso be used as a distributed-feedbak mirror, as explained in the model proposedin [19℄.The �rst BCVCSEL was grown on InP substrate by Kotaki in 1984 [20℄.Afterwards, it lasted until 1998 to �nd a seond example of implementation inthe literature.In the present (1998-present) state-of-the-art, two laboratories are leadingthe researh on BCVCSELs worlwide: the University of Ulm (Germany) fabri-ated in 1998 the �rst MQW GaAs-based BCVCSEL [21℄ (see �gure 1.8-(a)).The devie already had (in pulsed operation) an external quantum eÆienyexeeding unity! In 1999, they ahieved CW, room-temperature operation [22℄.Then after some tehnologial improvement [23℄, they ahieved in 2000 a RT-CW operation with quantum eÆieny exeeding unity, and a maximum outputpower of 7.2 mW for an ative diameter of 9 �m [24, 25℄. In 2001, they studiedthe saling behaviour of 1,2,3-ative region VCSELs [26℄. Their work thereafterfoused on urrent spreading indued bistability either to bene�t from the phe-nomenon (for optial memory for instane) [27℄, or to prevent the phenomenonand improve the devie harateristis [28{30℄. Eventually, they have reentlyproposed an overview of their researh on BCVCSELs emitting at 980 nm [31℄.This onept was also studied by the University of California, Santa Barbara(UCSB) for the development of monolithi 1.55 �m-emitting VCSELs, to oun-terbalane the lower reetivities in the long-wavelength regime. They ahievedin 1999 50% external eÆieny at room temperature [32℄, whih is good fora 1.55 �m VCSEL, as ompared for instane to state-of-the-art single-ative-region 1.55 �m VCSELs [32{34℄. In 2000, they demonstrated the �rst 1.55 �mBCVCSEL with di�erential eÆieny exeeding unity (at -10oC, pulsed opera-tion) with Al0:08Ga0:22In0:70As ative regions. The tunnel juntions onsisted inAl0:29Ga0:19In0:45As layers whih were doped (arbon on the p-side and silionon the n-side) to onentration values exeeding 1019 m�3 [35℄.BCVCSELs are good andidates for mirowave optis appliations beausethey an be made single-longitudinal-mode. Unfortunately, the emitter aperturediameter ontrols the maximum output power (higher for larger diameters),together with the transverse-mode distribution. It is therefore rather diÆultto obtain single-transverse-mode osillation as well as high output power, eventhough both are needed for proper use in mirowave opti links. For instaneKim et al. from UCSB found a multi-mode operation for their 50-�m-wideBCVCSEL (see �gure 1.8-(b)). 15



1. General IntrodutionFigure 1.8 Examples of bipolar asade VCSEL realizations.

(a) Struture and eletri �eld distri-bution of the �rst MQW BCVCSEL(1998), from [21℄ (b) Optial multi-mode spetrum ofa 50 �m-diameter BCVCSEL on InPsubstrate (2000), from [35℄1.5.3 Mirowave opti appliationsIn order to reah high external eÆieny as well as single-mode emission at 1.55�m, an edge-emitting design is more appropriate. Due to the real diÆulty toahieve low resistivity tunnel diodes, there are only two examples of 1.55 �medge-emitting BCL so far. The �rst one was realized in 1997 by N. Laurent etal. at Thales Researh & Tehnology [10℄, the seond one is due to J.K. Kim etal. [36, 37℄ from the University of California, Santa Barbara.N. Laurent in fat foused on high-power appliations. The results havealready been exposed in setion 1.5.1. In further investigations, we provedthat this devie was atually multi-mode in the diretion perpendiular to thelayers (for a 8 �m ridge), and osillating on the seond-order mode [38, 39℄ (see�gure 1.9-(a)).University of California's work was a fore-study to demonstrate the feasi-bility before implementing the design in a VCSEL (see paragraph 1.5.2). Theynevertheless reahed an external eÆieny of 125% [37℄. With a 50 �m Fabry-Perot ridge struture, the laser is highly multi-mode. They also implemented atransverse-third-order-mode struture with tunnel juntions plaed at the nullsof the eletri �eld [36℄.Another Amerian laboratory plays an important role in mirowave optiBCL: the Massahusetts Institute of Tehnology. Based on their experimentalwork on GaAs substrates exposed in setion 1.5.1 [11, 13℄, they have theoreti-ally studied the possible improvements on laser noise [40℄ and opto-RF noise�gure [41, 42℄ by using a BCL. They also experimentally, as well as theoretiallystudied the eletrially-indued photon noise orrelation of lasers onneted inparallel and series [40, 43℄. Aording to a MIT internal tehnial report for theDARPA [44℄, they are now leading investigations towards the development of amultiple-ative-region struture, ombined with an anti-resonant waveguide toenfore single-mode emission (ARROW-BCL).Up to now, no single-transverse-mode bipolar asade laser have been demon-strated. The work presented in this thesis preisely aims at desribing the spe-i� advantages we would get from using suh a devie in opto-RF systems and16



1.6 Outline of the thesisat developing several tools for designing the devie. The objetive of this study iseventually to design and demonstrate the fabriation of single-transverse-modebipolar asade laser strutures that an be further improved in a near futurein order to reah systems spei�ations.Figure 1.9 (a) Single-transverse-seond-ordermode emission (1997-2003), from[10, 38℄ (b) L-I and optial spetrum BCL harateristis (1999), from [37℄
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The �rst part of the thesis (Chapters 2, 3 and 4) fouses on the potential17



1. General Introdutionadvantages of asading several ative juntions, and desribes the neessarytrade-o�s for designing a single-transverse-mode BCL.Chapter 2 desribes the system-level advantages of the devie: using di�erenteletrial arhitetures, we will onnet several disrete lasers and ombine thelight to trak the possible improvements obtained by a light soure omposedof several lasers. This hapter ontains a theoretial as well as an experimentalstudy.Chapter 3 goes downsale, to study the devie from a omponent-level pointof view. We will develop a theoretial model based on a rate equation formalismand hek that the monolithi integration of the asading of laser struturesdoes not fundamentally ban the improvement we expet from the marosopistudy of ombining disrete laser beams.Chapter 4 goes even deeper into the omponent, to the eletroni-level pointof view, and studies mirosopially the ingredients for the design of a single-transverse-mode BCL. A self-onsistent transport model will be modi�ed toaount for several quantum wells, and several ative regions into a single laserstruture.The seond part of the thesis, hapter 5 fouses on the atual design of abipolar asade laser and the implementation of the designed struture into areal omponent. As it is the main diÆulty to takle in order to produe asingle-transverse-mode bipolar asade laser, we will disuss the optimization ofthe tunnel juntion and the tehnologial limitations of this proess. Then wewill desribe the design of a bipolar asade laser and present several bipolarasade strutures realized and haraterized.Eventually, the General Conlusion synthetizes the work and opens the dis-ussion to future works for improving the harateristis of the bipolar asadelasers.
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Chapter 2High signal-to-noise ratioemitter: disussion on a\system level" point of view

Courtesy of S. Harris2.1 IntrodutionAs it was briey disussed in the introdution, reyling eletrons and produingmore photons than injeted eletrons is theoretially a very promising target.The �rst step towards ahieving empirially this ambitious hallenge is to lookinto the reyling proess on a \system level" point of view.In this hapter, we will therefore fous our study on a single devie omposedof several laser modules eletrially onneted. The eletrial onnetions anbe very diverse: in series, in parallel, and with di�erent impedane mathingshemes. Nevertheless, for any eletrial arhiteture, the light produed byeah individual laser will be optially ombined into a ommon and single optial23



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewreeiver.What are the harateristis of a laser soure omposed of several eletriallyonneted laser modules? Is it possible to improve the RF link gain, or theRF noise �gure by using marosopial series or parallel onnetion? We willsee in this hapter that ombining several laser beams enables to push bakthe fundamental shortomings of a single laser soure. These problematis aresometimes refered to as \ombining proess".Even though some results may apply to external modulation, we will fousonly on diretly modulated lasers soures: the urrent modulation is applieddiretly to the light emitting devie [1℄.Setion 2.2 sheds light on the ambiguous proess of \ombining" and in-tends to synthesize of the urrent researh on ombining proesses worldwide.Setion 2.3 is dediated to the theoretial improvements on the RF link gainthat an stem from di�erent eletrial on�gurations of a omposed soure. Itends with an experimental improvement of the link gain for lasers onneted inseries. Setion 2.4 disusses the theoretial improvements on the RF link noise�gure. An experimental study of the laser relative intensity noise improvementis also arried out.2.2 What does ombining mean?Both optoeletroni reeivers and emitters are limited to a maximum optialpower. Either break-down of the devie [2, 3℄ or non-linearities our above thismaximum power, whih ban their use in systems above nominal onditions.For RF optoeletroni appliations, these shortomings may be overome bythe use of several devies in parallel. For instane, in order to obtain a single-mode 1.55 �m laser beam of 1 W (whih is not ahievable for the moment witha monolithi semiondutor devie [4, 5℄), we may use ten 100-mW single-modelasers and ollet the ten beams together in the same medium.Figure 2.1 Example of the use of several lasers in parallel for relaxing the basionstrains on laser diodes in an externally modulated link [6℄
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Under this very simple formulation lies a huge diÆulty: the power arriedby the di�erent light beams needs, at some point, to be onentrated. Studying24



2.2 What does ombining mean?\ombining" experiments entails olleting the energy of di�erent soures intoa single medium.2.2.1 Splitting the RF signalIn diretly modulated lasers arhitetures, the link arries a single input ele-trial RF signal and delivers a single output eletrial RF signal. In order tobene�t from ombining arhitetures, the RF signal is �rst split into the di�er-ent arms of the parallel arhiteture. Compared to ombining, low-loss splittingof RF power is very easy to ahieve: the RF signal split an be ahieved withnegligible loss using a regular RF oupler or a regular 50:50 optial oupler whenthe RF signal is arried by an optial signal.For ombining several RF signals however, the situation is not reiproal.A regular oupler ombines two signals (RF, or optial) with 3 dB intrinsiinsertion loss, as shown on �gure 2.2-(a).The ase of phased-array antennas deserve spei� onsideration, sine bypriniple, the signal is transmitted to eah antenna element in parallel (f. �g-ure 2.2-(b)). The system already provides numerous beams arrying the sameRF signal. The signal is already split and we only need to ombine it into asingle medium.Figure 2.2 (a) Non reiproity of splitting and ombining of light beams withoptial ouplers (b) Priniple of parallel reeption in phased-array antennas

(a) (b)2.2.2 Combining the RF signalFor ombining however, the hallenge is more diÆult to ahieve and many ar-hitetures are still being developed. We desribe here the advantages and draw-baks of eah arhiteture and then summarize them in table 2.1, on page 29.2.2.2.1 Eletroni ombining after detetionIt is the solution implemented in optoeletroni RF systems today. Severaldisrete photodiodes ollet the inoming optial signals arrying the same RFsignal. All the omponents ombine then in an eletrial RF oupler. This25



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewarhiteture has the advantages of being already available, and being imple-mented with any kind of laser or photodetetor. Nevertheless, the insertionlosses inrease with the number of hannels, and the volume and weight ofsuh eletroni omponents is always a drawbak for implementation in systemssuh as airborne systems. In addition, the eletroni ombiners are limited to anarrow bandwidth operation.2.2.2.2 Optial ombining before detetionTo irumvent the drawbaks (in terms of volume, weight and frequeny band-width) of an eletroni ombining, optial arhitetures an be proposed, begin-ning with the most simple one using a standard oupler. This arhiteture workswell if some are is taken on the polarization states of the input light beams toprevent heterodyne beating, as it is explained in great details in [7, 8℄. It hasthe huge advantage of being available and very low ost. In the onditions ofpolarization states ontrolled, the devie is limited to two hannels. In addition,it su�ers from 3-dB intrinsi insertion loss on the optial power.Figure 2.3 Shemati representation of optial and eletroni ombining arhi-tetures
(a) Eletroni ombining after detetion (b) Optial ombining before detetionTo avoid intrinsi injetion loss, and optial heterodyne beating betweenhannels, a wavelength multiplexer is an interesting alternative. The transmis-sion exhibits less optial power loss, and the beams are optially �ltered. Thissolution is more ostly than the standard oupler beause lasers must be sortedto math the omb of wavelength �lters [6℄. In addition, the �ltering may in-rease the amplitude noise of the lasers, either by a simple e�et of �ltering theFabry-Perot longitudinal modes (the noise inreases beause of optial modeompetition; this additional noise is negligible for DFB-lasers, where the lon-gitudinal modes are already �ltered), or by onversion of the phase noise toamplitude noise when the laser is on the steep edges of the �lters [7, 9℄. Insome very spei� ases, some other issues need to be takled suh as the oper-ation point of the external modulator following the ombining arhiteture, orproblems related to the optial �ber wavelength dispersion [10℄ . . .26



2.2 What does ombining mean?Figure 2.4 Comparison of two optial ombining arhitetures
(a) Optial ombining using a 3-dB opti-al oupler W

D
M

λ1

λ2

λ1,λ2

(b) Optial ombining using wavelengthmultiplexingEventually, for two-beam ombining only, a polarization splitter/ombineran be used with no injetion loss, no heterodyne beating, and no drawbaksrelated to �ltering (laser sorting, laser noise inrease...) [8℄. Unfortunately,this ideal sheme is limited to two hannels ombining, and looses somewhatthe low-ost harateristi of the standard-oupler arhiteture. In addition, itannot be used in systems together with devies sensitive to polarization, suhas some eletro-opti modulator.All these arhitetures are easy to implement and already available. In thearhitetures that do not exhibit intrinsi losses (wavelength multiplexer andpolarization ombiner) the optial power inreases with the number of hannel,for whih in turn the use of a high-power photodiode is required [11{13℄.2.2.2.3 Eletroni ombining integrated to the photodetetorIn order to avoid heterodyne optial beating, several arhitetures do not (op-tially) ombine the light beams before detetion.It is indeed possible to spatially distribute the di�erent light hannels overthe same absorbing p-i-n ative area of a single photodetetor. One way toproeed is to group several optial �ber ores into one single 125 �m optial�ber ladding [14℄. See for instane �gure 2.5-(a) where 8 �bers have beengathered into a single plasti ladding. This system has already been tested withgood results [7℄. Another way to proeed uses exatly the same priniple as themulti-ore �ber, and integrates optial passive waveguides or di�erent types ofoptis to fous the light beams from eah �ber into the single photodiode [14℄.One last option is to design several independent photodiodes, to plae themlose to eah other, and to deposit a single ommon eletrode on top of thephotodiode array [14℄. The preisely same priniple an be implemented byenlightening both sides of the same photodiode [14℄. Figure 2.5 displays severalexamples of tehnologial implementation of olleting several optial beamsinto a single p-i-n ative area. In every ase mentioned above, the ombiningproess is an eletroni proess. This �rst group of tehnologial solutions (thatwe will all \Eletroni ombining integrated to a single p-i-n ative region")is onfronted with the problem of spae management, limiting intrinsially thenumber of hannels. In addition, this same problem of spae obliges to use alarge area photodiode whih therefore exhibits early bandwidth shortomings.For instane, in the ase of the multi-ore �ber with 8 �bers presented on �gure27



2. High signal-to-noise ratio emitter: disussion on a \system level" point of view2.5-(a), the bandwidth is limited to 5 GHz [7℄.Figure 2.5 Examples of proposed arhitetures for eletroni ombining inte-grated to a photodetetor.
125 µm

(a) Example of several �berores mehanially gatheredinto one 125 �m �ber ladding[14℄
Common electrode

Input optical fibers

(b) Example of arhiteture us-ing one same eletrode for sev-eral absorbing p-i-n juntions.In addition, both sides of thephotodiodes are used [14℄The seond group of eletroni ombining integrated to the photodetetoris the following. For N hannels, it is also possible to design N photodiodesolleting the light of the N beams. If these photodiodes are monolithially inte-grated, spei�ally designed eletrodes ollet the RF signals and ombine theminto a single RF integrated waveguide. The RF-frequeny-independent ombin-ing (for high-bandwidth appliations) is ahieved with the help of traveling-waveeletrodes [15℄. Figure 2.6 shows a shemati representation of a traveling-wavearray of photodiodes monolithially integrated. There are N optial inputs,and one RF output. This type of arhiteture is potentially suitable for high-bandwidth appliations. It nevertheless requires a spei� and more omplexeletrode design.Figure 2.6 Shemati representation of a traveling-wave photodetetor array[15℄
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2.2 What does ombining mean?2.2.2.4 Advantages and drawbaks of the di�erent arhiteturesTo put it in a nutshell, the following table lists the advantages and drawbaksof the di�erent ombining arhitetures.Type of ar-hiteture Advantages DrawbaksEletroniombining ✓ available
✓ an be used with any kind oflaser/detetor ✓ inrease of the insertion losses with thenumber of hannels

✓ bandwidth limitation
✓ volume and weight

In-line opti-al ombin-ing
oupler:
✓ low-ostmultiplexer:
✓ low insertion loss
✓ salablepolarization ombiner:
✓ low insertion loss
✓ no �lteringall three:
✓ available, simple

oupler:
✓ requires a polarization ontrol to avoidheterodyne beating noise
✓ limited to 2 hannels (in the ase ofpolarization ontrol)
✓ intrinsi 3-dB insertion lossmultiplexer:
✓ requires a preise and expensive laserwavelength sorting in partiular to avoidfrequeny-to-amplitude noise onversionat the �lter edges
✓ spei� diÆulties suh as operationpoint of the external modulator and/orwavelength dispersion
✓ requires a high-power detetorpolarization ombiner:
✓ limited to two hannels at a time
✓ expensive arhiteture
✓ devies that follow should be insensi-tive to polarization
✓ requires a high-power detetor

Eletroniombiningintegratedto the pho-todetetor
single p-i-n ative area:
✓ optial gatheringtraveling-wave photodete-tor:
✓ integrated devie
✓ an be used with any kind ofdetetor, provided the design ofeletrode is made aordinglyboth:
✓ an be used with any kind oflaser
✓ potentially low-loss
✓ potentially low-noise

single p-i-n ative area:
✓ trade-o� between bandwidth short-omings and mehanial limitationstraveling-wave photodetetor:
✓ development ost
✓ needs areful design of eletrodes

Table 2.1: Advantages and drawbaks of the di�erent ombining arhitetures29



2. High signal-to-noise ratio emitter: disussion on a \system level" point of view2.2.3 Integrated splitting-to-parallel/ombining arhite-turesBesides this atalogue of ombining arhitetures, we shall also mention opto-eletroni devies whih integrates both the parallel splitting and the ombiningproess, in order to relax the devie onstrains.2.2.3.1 Distributed photodiodesIn order to inrease the input power allowable on a single reeiver, photodiodeswith a distributed absorption region have been proposed [11{13, 16{18℄. Inorder to ensure in-phase ombining of the deteted signals, a traveling-waveeletrode needs to be designed. The devies are very similar to already disussedtraveling-wave photodetetors, but allow only one input optial signal. Thisoptial signal is �rst split into several beams that will be absorbed in di�erentregions of the photodiode. The Rf signal signal is the eletrially ombined withthe help of spei�ally designed eletrodes. The splitting of the optial beaman either be ahieved before reahing the photodiode (suh as in [16℄ or [18℄using a multimode interferene (MMI) oupler, see �gure 2.7-(a) and -(b)) orintegrated to the photodiode by plaing several disrete photodiodes along apassive waveguide [17℄ (see �gure 2.7-()). This solution is the disrete versionof a traveling-wave evanesently- oupled photodiode [11℄.Figure 2.7 Example of (a) splitting the optial beam before a photodiode array[16℄ (b) integration of a MMI oupler with N photodiodes [18℄ () integrationof several photodiodes on a single passive waveguide [17℄
(a)

(b) ()30



2.3 Combining soures to improve the RF link gain2.2.3.2 Bipolar asade lasersLast, but obviously not least, the devie desribed in details in this thesis (single-transverse-mode BCL) is an exellent example of the integration of a splitting-to-parallel/ombining proess. Eah ative region emits light in parallel. Theombining of these photons into a single mode is inherent of the modal designof the struture.Figure 2.8 Priniple of optial ombining within a single-transverse-mode BCL.

2.3 Combining soures to improve the RF linkgainThe purpose of this hapter is to desribe the interest of ombining for inreasingthe RF link gain. Sine the devie we are proposing in this thesis (single-transverse-mode BCL) integrates the optial summation proess, we will notdisuss the ahievability of a low-loss N -to-one optial Y-oupler neessary tobene�t from the ombining proess.The experiments were arried out with regular optial ouplers and the om-parison is done under onditions for whih the oupler losses are always takeninto aount (even for a single devie laser soure).2.3.1 De�nitions/Introdution regarding the RF link gainFirst, we onsider a very simple RF optial link omposed of a diretly modu-lated laser soure, an optial link, and a photodiode (f. �gure 2.9).The laser soure is omposed of N individual lasers oupled to one singleoptial �ber via a N -to-one Y-oupler. The harateristis of eah omponentsare summed up in table 2.2: 31



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewFigure 2.9 Shemati of a RF optial transmission link.

Component Symbol Charateristi DimensionIndividual Popt(las) average power at a given biasurrent I Wlaser �las di�erential external eÆieny W/ARlas di�erential series resistane 
Y-oupler �pl losses introdued by the oupler -Optialmedium �med losses introdued by the medium(transmission and oupling losses) -Photodiode �phD photodetetion eÆieny A/WRphD load resistane 
Table 2.2: Main omponents harateristisThe RF link gain is de�ned by:gRF def= P(RF)outP(RF)in (2.1)
☞ P(RF)out and P(RF)in are respetively the RF link output RF power, and theinput RF power injeted.A high RF link gain indiates that the signal is transmitted with few losses.One deisive advantage of opto-RF links is that this link gain is not signi�antlyaltered by an inreased �ber length. One drawbak however, is that usual non-ampli�ed and non-impedane-mathed opto-RF links have a very low RF gain(in the order of -30 dB).In the following setions, we will disuss on the possible RF link gain im-provement ahievable with a soure-ombining arhiteture. In order to remainoherent when omparing several (sometimes very di�erent) eletrial arhite-tures, we will �rst develop the alulation of the output RF power of the RFlink P(RF)out. Afterwards, we will onsider the input RF power injeted P(RF)infor di�erent arhitetures and the RF link gain (and the RF link gain improve-32



2.3 Combining soures to improve the RF link gainment) will follow. Eventually, we will draw our attention on the experimentalvalidation of the disussion.2.3.2 RF power at the end of the RF optial linkThe eletrial RF output power available at the end of the link is arried by thevarying urrent aross the photodiode. Due to possible impedane mismathbetween the photodiode and the output oplanar RF waveguide, some powergets reeted. We an write:P(RF)out = (1� �phD)RphD Î2phD2
☞ �phD is the RF power reetion oeÆient due to impedane mismath
☞ ÎphD is the amplitude of the photo-urrent exursion on the photodiode. Moregenerally, we will use the notation X̂ for the amplitude exursion of the varyingsignal X.Assuming that the onversion from photons to eletrons is linear in thephotodiode, we write:P(RF)out = (1� �phD) RphD2 ��phDP̂opt(phD)�2The light is transmitted via the optial �ber before illuminating the photodiode.We write: P(RF)out = (1� �phD) RphD2 �2phD�2medP̂ 2opt(pl)= (1� �phD) RphD2 �2phD�2med�2plN2P̂ 2opt(las)Assuming that the optial power emitted is linear with the applied urrent, weeventually �nd:P(RF)out = (1� �phD) RphD2 �2phD�2med�2pl�2lasN2Î2las
☞ Îlas is the amplitude of the urrent signal diretly applied to the laser.The notieable result is the proportionality of the output RF power with thesquare of the number of lasers and the square of the urrent signal modulatingeah individual laser: P(RF)out / N2Î2las (2.2)
☞ It should be noted that equation 2.2 is valid whatever be the eletrial onnetionsheme. No assumption are made on the laser bias sheme so far.For RF appliations, the same eletrial signal must be transmitted to in-dividual lasers of the laser soure. Furthermore, to ensure eletron-to-photononversion, a bias urrent must be applied to eah laser. The total urrenttransmitted to the laser therefore onsists in two omponents:� a DC omponent that de�nes the bias point of the laser soure,33



2. High signal-to-noise ratio emitter: disussion on a \system level" point of view� an RF omponent that arries the useful information.The two omponents are usually gathered via a bias-T before being injetedinto the laser. In the ase of several individual lasers omposing a unique op-tial soure, there are several on�gurations for injeting the bias omponents:the DC bias an either ome from di�erent DC urrent soures, or from thesame urrent soure. In the latter ase, the individual lasers an be eletriallyonneted in parallel or in series. The RF signal however needs to originatefrom the same soure. It an nevertheless be injeted in the individual lasersin parallel (via a RF oupler) or in series (in these onditions, the lasers areasaded). Examples of possible onnetions are shown on �gure 2.10. On �g-ure 2.10-(a), the two omponents are injeted in series in the di�erent lasers,whereas on �gure 2.10-(b) the DC omponent is injeted in parallel, while theRF omponent is injeted in series. On �gure 2.10-() lasers are powered withdi�erent DC power soures and the RF omponent is injeted in series.Figure 2.10 Examples of possible eletrial onnetions
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➠()All those ases need to be disussed in detail. Nevertheless, within a linearrange, the RF link gain does not depend on the bias point (only on the RFsignal amplitude), and therefore does not depend on the DC bias sheme. Onthe ontrary, the equivalent Relative Intensity Noise (RIN) of the laser sourestrongly depends on the DC bias. As we will see in setion 2.4.2, the DC biassheme arries some interest for the estimation of the equivalent RIN of theombining soure.
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2.3 Combining soures to improve the RF link gain2.3.3 Estimation of the RF gain improvementThe purpose is now to use equation 2.1 to estimate the gain improvement wean get from asading lasers. In order to do so, we need the expression of theinput RF power as a funtion of the urrent signal Îlas of eah individual laser.This amplitude strongly depends on the eletrial onnetion sheme and morepreisely on the onnetion sheme of the RF signal (whether the DC bias issupplied by a single, or by a set of power soures is not a relevant question forthe moment). It is also very dependent on the impedane mathing sheme. Itis interesting to ompare series-onneted lasers with parallel-onneted lasersfor three di�erent impedane mathing shemes: no impedane mathing, aresistive impedane mathing and a reative impedane mathing. To arryout the omparison, we will assume that lasers have only parasiti resistivedi�erential impedane and no other parasiti impedane.2.3.3.1 No impedane mathingSeries-onneted lasers: While injeting the RF input power P(RF)in, a partof the eletrial RF power gets reeted due to impedane mismath (namely�soureP(RF)in) and only (1� �soure)P(RF)in is useful for information transmis-sion. We then write: (1� �soure)P(RF)in = Rsoure2 Î2soure
☞ The variables � stand for the RF power reetion oeÆient due to impedanemismath.Whih gives, aordingly to �gure 2.11:P(RF)in = Rlas2 N(1� �soure) Î2lasFigure 2.11 Eletroni sheme of a (a) series-onneted and (b) parallel-onneted laser soure with no impedane mathing-̂Ilas-̂IsoureP(RF)in➠�soureP(RF)in ➠ soure

-̂Isoure ?ÎlasP(RF)in➠�soureP(RF)in ➠ soure35



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewFollowing equation 2.1 and equation 2.2, the RF link gain beomes:gRF = P(RF)outP(RF)in / (1� �soure)N
☞ �soure is harateristi of the impedane mismath between the laser and theoplanar RF waveguide.
☞ In these onditions, it an be written as: �soure = ���NRlas�Z0NRlas+Z0 ���2 where Z0 = 50
 is the harateristi impedane of the oplanar waveguide.We an eventually write the RF gain improvement obtained by the use of aomposed laser soure:�gRF = gRF(N las)gRF(1 las) = 1� �series1� �las N (2.3)Parallel-onneted lasers: In the ase of parallel-onneted lasers, an impedanemismath also ours and implies power losses by reetion. We write as well:(1� �soure)P(RF)in = Rsoure2 Î2soureP(RF)in = Rlas2N (1� �soure) �NÎlas�2P(RF)in = Rlas2 N1� �soure Î2lasThe expression of the input RF signal power is the same as in the ase ofseries-onneted lasers, but the reetion oeÆient is higher. The parallel on-netion sheme will indeed derease the already very low laser soure impedane(Rlas ' 5 
). The improvement of the RF link gain is written:�gRF = gRF(N las)gRF(1 las) = 1� �k1� �lasNComparison: Figure 2.12 displays the omparison of the expeted RF gainimprovement for a parallel-onneted soure and for a series-onneted soure.The series-onnetion of lasers with a small impedane (in the order of 5 
) im-proves the impedane mathing. On the other hand, if no additional impedanemathing is employed, the inreasing mismath with the parallel-onnetion on-�guration almost annihilate the improvement due to the summation proess.36



2.3 Combining soures to improve the RF link gainFigure 2.12 Comparison of expeted RF gain improvement with N lasers on-neted in series, and in parallel, as ompare to a single laser
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2.3.3.2 Resistive impedane mathingFor high-bandwidth appliations, the impedane mathing is usually obtainedwith a purely passive (resistive) sheme [19℄.Figure 2.13 Eletroni sheme of a (a) series-onneted and (b) parallel-onneted laser soure with a resistive impedane mathing
Radapt
-̂Ilas-̂IsoureP(RF)in➠

soure Radapt
-̂Isoure ?ÎlasP(RF)in➠

soureThe laser is onneted to a simple resistane whih value is alulated tomath 50 
. In these onditions, we an assume that no RF power is reeted.The input RF power for the series-onneted lasers is written:P(RF)in = Rsoure2 Î2soure= Z02 Î2lasWhih gives the RF link gain improvement:�gRF = gRF(N las)gRF(1 las) = N2 (2.4)37



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewThe RF link gain inrease in the series-type soure ase is proportionnal to N2.The soure behaves equivalently to a single laser with a di�erential eÆienyinreased by a fator of N .For the parallel-onnetion sheme, we write as well:P(RF)in = Rsoure2 Î2soure= Z02 N2Î2lasP(RF)in as well as P(RF)out is proportionnal to N2, proving that in theseonditions the RF link gain is exatly the same whatever the number of series-onneted lasers: �gRF = 0 dB!The gain of the parallel-type soure does not hange with N . The RF poweris spread among the di�erent individual lasers, and reombined again, throughthe optial ombining proess.2.3.3.3 Reative impedane mathingFigure 2.14 Eletroni sheme of a (a) series-onneted and (b) parallel-onneted laser soure with a reative impedane mathing
r r
r r -̂Ilas-̂IsoureÎsoureP(RF)in➠ Z 0 Z soure r r

r r-̂Isoure ?ÎlasP(RF)in➠ Z 0 Z soure
For very spei� narrow-band appliations [20℄, it is sometimes required tomath the omponents impedane using a reative impedane mathing sheme.In these onditions, the low laser impedane is a good advantage from whih wemust take bene�t. In the series-ase, the input RF power is written as:P(RF)in = NRlas2 Î2soure= Rlas2 NÎ2lasThe improvement on the RF link gain derives:�gRF = gRF(N las)gRF(1 las) = N38



2.3 Combining soures to improve the RF link gainThe parallel-onneted laser soure arries an input power of:P(RF)in = Rlas2N Î2soure= Rlas2 NÎ2lasThis gives the same RF link gain improvement:�gRF = gRF(N las)gRF(1 las) = NIn the ase of reative impedane mathing, the RF link gain improvementis the same for both types of eletrial onnetion and sales linearly with N .However the reative impedane mathing will be all the more ompliated andall the narrower (in terms of transmission bandwidth), as the series resistaneof the laser soure is low. One again, the series-onneted soure is preferableto the parallel-type.To put it in a nutshell, table 2.3 summarizes the RF link gain improvement�gRF for the di�erent onnetion shemes and impedane mathing arhite-tures. For the three ase-studies, a series-onnetion sheme is always preferableto a parallel-onnetion sheme. Furthermore, a RF link gain improvement pro-portional to N2 is very attrative sine it an theoretially ahieve a 12 dBimprovement with the use of 4 lasers, ompared to a single-laser soure.RF link gain improvementseries-onnetionsheme parallel-onnetionshemeno impedane mathing 1� �series1� �las N 1� �k1� �lasNresistive impedanemathing N2 1reative impedanemathing N NTable 2.3: Summary of the predited RF link gain improvement for di�erenton�gurations
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2. High signal-to-noise ratio emitter: disussion on a \system level" point of view2.3.4 Compression pointDespite the arguments in favor of using the series-type onnetion, we maywonder at this point whether the parallel-type laser soure does not have atleast the advantage of presenting a higher ompression point.The input (resp. output) ompression point is de�ned as the maximum input(resp. output) RF power for whih the response is linear. Below the ompressionpoint, we an write: P(RF)out = gRFP(RF)in
☞ Notie that gRF is not dependent on P(RF)in.For usual optial links, the laser response generally limits the linearity of thelink response: up to a ertain exursion Î(las)max, we have P̂(las)out < �lasÎlas.If we are limited to a urrent amplitude Î(las)max on eah individual lasers,onneting N lasers in parallel permits to injet Î(soure)max = NÎ(las)max, asan be seen from �gure 2.11, �gure 2.13, and �gure 2.14. The input ompressionpoint atually inreases in this ase by a fator of N2.On the other hand, we have seen (.f. equation 2.2) that the output poweran be written in terms of Îlas independently of the eletrial onnetion, or ofthe impedane mathing sheme. As a onsequene, sine the limiting term isthe laser urrent amplitude Îlas, the output ompression point is the same forthe series and the parallel-onnetion sheme. In other words, less RF power anbe injeted in the series-onneted laser soure, but in any ase, the maximumoutput power will be the same.Last but not least, even for parallel-like eletrial onnetion, the last remarkshows that the output ompression point inreases by a fator of N2. If onlysignal-to-noise ratio is onsidered, the parallel arhiteture is also interesting,as an be seen in referene [21℄.
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2.3 Combining soures to improve the RF link gain2.3.5 A range of tehnologial options available from lit-eratureThe literature ontains several tehnologial solutions for asading (series-onneting) laser soures in order to improve the RF link gain.The proposed solutions an be ategorized followingly:1. Multiple Cavity Casade Lasers (MCCL): separate laser avities are ele-trially onneted in series [1, 22, 23℄. It an either be laser arrays [22, 23℄eletrially onneted via a tehnologial proess on a single wafer, or sep-arate laser modules [1℄ externally onneted. As was already explained insetion 2.2, the main problem to �x is oupling the light from di�erentsoures into one single medium. Spei� optial oupling sheme need tobe developed, suh as spei� optis, or devies to ollet all the light intoa single wide area photodiode [1, 14℄.Figure 2.15 Examples of MCCLs.

(a) Proposed by Ayling et al. [22℄ (b) Proposed by Cox et al. [1℄2. Split Waveguide Casade Laser (SWCL): one single laser ridge is longi-tudinally segmented. Eah segment is eletrially isolated from the otherones. Metalli onnetions enable the asading of eah setion [22, 24℄.The main tehnologial hurdle is the eletrial isolation (passivation) ofthe di�erent segments [22℄.Figure 2.16 Arhiteture proposed by Ayling et al., and Getty et al. [22, 24, 25℄
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2. High signal-to-noise ratio emitter: disussion on a \system level" point of view3. Bipolar Casade Laser (BCL): the ative juntions are epitaxially staked.Highly-doped p++/n++ tunnel juntions ensure the series eletrial as-ading [26{29℄. The devie BCL is the general subjet of this thesis. Themain tehnologial diÆulties to overome (suh as the low loss, low resis-tivity tunnel juntion design) are largely disussed in hapter 4. As alreadymentioned in the general introdution, there are two types of BCL. The�rst type aters to high power appliations and usually onsists in laseravities separated by more than 1 �m and therefore optially unoupled(f. �gure 2.17-(a,b)) [26{28, 30℄. The seond type fouses on RF appli-ations. The ative juntions are optially oupled into one single avity(f. �gure 2.17-()) [29℄.
Figure 2.17 Example of bipolar asade lasers.

(a) A BCL proposed by Garia et al. [26℄ (b) A BCL proposed by Patter-son et al. [28℄
() A BCL proposed by Kim et al. [29℄42



2.3 Combining soures to improve the RF link gain2.3.5.1 Experimental results from the literatureIn this setion, we have summed up the di�erent results available from theliterature. Some artiles display the experimental equivalent external eÆienyand series resistane of the laser soure omposed of individual lasers. One wehave gathered these features, we ompile the values into the gain improvementalulation desribed in setion 2.3.3 without impedane mathing, and with aresistive impedane mathing.The equivalent external di�erential quantum eÆieny (DQE) is plotted on�gure 2.18. If N lasers are onneted in series, the same urrent is N timesreyled. The external di�erential eÆieny is therefore expeted to inreaselinearly with the number of asaded individual lasers. This predition is wellon�rmed experimentally, as shown on �gure 2.18.Figure 2.18 Equivalent external eÆieny, and series resistane found in theliterature for laser soures omposed of asaded individual lasers. The DQEis normalized ompared to the value obtained with the same tehnology for asingle laser soure.
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number of active junctionsFigure 2.18 also displays the series di�erential resistane of the laser soures.For MCCL, the series resistane is expeted to sale linearly with N . For BCL,the series resistane an be written as:RBCL = Rontats +NRsemiondutor layers + (N � 1)Rtunnel
☞ Rontat is the series resistane of the metal-semiondutor ontats.
☞ Rsemiondutor layers inlude the series resistane of the heterojuntions' inter-faes, and the resistivity of the semiondutor layers of a single-juntion laser.
☞ Rtunnel is the series resistane of the staked highly-doped juntion.If we assume that the semiondutor resistane Rsemiondutor layers is negli-gible ompared to the ontat resistane Rontat, and that the series resistane43



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewof the tunnel juntion has the same magnitude as the series resistane of thelaser devie (� 5 
), we may also expet the series resistane to inrease linearlywith N . The last assumption has to be justi�ed experimentally. We desribein detail an aurate method for the estimation of the resistane of a tunneljuntion in hapter 4.For SWCL however, the length of the avity remains onstant while inreas-ing the number of segments. The inrease of the number of segments thereforedivides the ontat eletrode area. For a given resistivity, the in-line resistanewill therefore inrease (geometrially) by a fator of N . Furthermore, the num-ber of series resistane is N times inreased as well. The series resistane of thedevie is then expeted to sale with N2.As an be seen from Figure 2.18, the experimental values �t well with theexpeted values. It should be noted that for literature available values for theBCL arhiteture, the series resistane inreases slower than the number ofasaded regions.2.3.5.2 Estimation of the RF gain improvementWe may now use these �gures to estimate the RF link gain one should experi-mentally obtain by building an optial link with the ited laser soure arhite-tures.No impedane mathing We �rst estimate the RF gain improvement withno impedane mathing. From equation 2.3, we write the link gain improvement:�gRF = 1� �soure1� �las ��soure�las �2Injeting the literature available series resistane and di�erential eÆienyin the previous relation, we ompare on �gure 2.19 the gain improvement forthe di�erent arhitetures.It should be noted (even if already mentioned) that these are not experi-mental measurements. Very few diret link gain measurements an be found inliterature, but when available, diret measurements are similar to our alula-tions [1℄.For SWCL devies, the inrease in the series resistane dramatially predom-inates and annihilates the e�et of urrent asading for more than 3 segments.MCCL and BCL provide however a monotone improvement of the RF link gainup to 6 ative juntions (even 10 in [1℄). The higher gain inrease with a mono-lithi devie (+8 dB) is obtained by Kim et al. [29℄ with a BCL.We should also arry out the same omparison for a resistive impedanemathing sheme, sine it is the usual sheme used in systems.44



2.3 Combining soures to improve the RF link gainFigure 2.19 Gain improvement for di�erent tehnologial arhitetures withno impedane mathing, alulated from harateristis available in literature.
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Resistive impedane mathing While Zsoure < Z0, a resistive impedanemathing is obtained by adding a series resistane Z0 � Zsoure. The gain im-provement follows the rule given by equation 2.4. For SWCL devies of morethan 3 segments, the impedane is higher than Z0. The resistive impedanemathing is obtained with a resistane in parallel with the devie suh asZadapt = Z0ZsoureZ0 + ZsoureAs a onsequene, only a portion of Îsoure will atually be available for infor-mation transmission. We therefore derive the available urrent and the gainimprovement for eah arhiteture:if Zsoure 6 Z0; �gRF = ��soure�las �2if Zsoure > Z0; �gRF = Z20Z2soure ��soure�las �2Compiling this equation with literature available data, we ompare on �g-ure 2.20 the expeted gain improvement for eah arhiteture.The use of literature available omponents in systems displays the same ten-deny for resistive as for no impedane mathing. While the RF gain improve-ment inreases in a monotone way with the number of ative regions for MCCLand BCL strutures, it reahes a maximum value for SWCL for about 3 ativeregions. Beyond, the inreasing mismath inhibits the RF gain improvement.45



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewFigure 2.20 Gain improvement for di�erent tehnologial arhitetures with aresistive impedane mathing, alulated from harateristis available in liter-ature.
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2.3.6 Experimental ahievementsThe previous results are obtained via literature available harateristis of thelaser soures (�las, Rlas). In order to prove the possible RF link gain improve-ment reahable with a series-onnetion arhiteture, we have used four om-merially available buttery module DFB lasers and onneted them in series.Figure 2.21 displays a shemati of the experimental set-up, while a piture ofthe laser series-onnetion an be seen on �gure 2.22-(a) .Figure 2.21 Experimental set-up for measuring the RF link gain improvementwith the use of a ombining laser soure

The modulated light beams are gathered via a 4:4 optial oupler. In orderto estimate the bene�t of the ombining proess, we took as a referene the opto-RF link desribed in �gure 2.22-(b). Sine the reeted input RF power (andthus the RF power transferred to an optial modulation) depends on the overall46



2.3 Combining soures to improve the RF link gainsoure impedane, we have hosen to keep the same eletrial onnetion evenfor the single-laser soure. Eah laser module have a built-in 20 
 resistaneonneted in series with the laser. The overall impedane was therefore loseto 100 
. The laser outputs were plugged and unplugged to the optial ouplerin order to simulate a 1,2,3,4-laser soure with the same eletrial impedane.Furthermore, the insertion loss of the optial oupler (energy lost in the armnot used) are regarded as transmission losses and kept the same for single-lasersoure and for several-laser soures.Figure 2.22 Set-up for measuring the RF link gain improvement.
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(a) Piture of four lasers on-neted in series (b) Shemati referene set-up representationWe injeted P(RF)in = 0 dBm at 80 MHz and measured P(RF)out with aneletrial spetrum analyzer. The optial power transmitted by eah laser wasnot exatly the same, probably due to di�erent lasers harateristis, di�erente�etive impedane load, or di�erent transmission loss in the oupler's arms.For eah soure type (1-laser, 2-laser, 3-laser and 4-laser), we measured theRF output power with several possible on�gurations (e.g. laser 1+laser 2,laser 1+laser 3, et. for the 2-laser on�guration). In table 2.4, we presentthe average output power obtained for eah laser soure type and the RF linkimprovement measured and alulated ompared to the single-laser soure.P(RF)out (dBm) measuredimprovement(dB) alulatedimprovement(dB)1 laser (ref.) -46.0 0 02 lasers -40.2 5.8 6.03 lasers -36.9 9.1 9.54 lasers -34.3 11.7 12Table 2.4: RF output power for di�erent on�gurations in absolute value andrelatively to the output power for the single-laser soureAlthough the absolute value of the link gain is quite low, the measuredimprovement mathes perfetly the expeted values. The link gain was improvedby almost 12 dB with the ombining of four lasers. 47



2. High signal-to-noise ratio emitter: disussion on a \system level" point of view2.4 Combining soures for improving the RFlink noise �gure2.4.1 About the noise fator of a omplex laser soureAnother important system-level RF link harateristi is the noise �gure, de�nedby: NF def= P(RF)in=P(noise)inP(RF)out=P(noise)out (2.5)
☞ P(noise) are eletrial noise power at the frequeny nearby the signal frequenyThe noise �gure desribes the degradation of the signal-to-noise ratio (SNR)during the signal transmission through the studied link. The noise usuallyoriginates from the laser soure relative intensity noise whih is de�ned in a �fbandwidth by [31℄: RIN def= hÆP 2(opt)lasi � 2h��fhP(opt)lasihP(opt)lasi2 (2.6)
☞ hi stands for time average, but is equivalent to statistial average in this ontext(phenomena are supposed ergodi).Usual non-ampli�ed and non-impedane-mathed opto-RF links have typialnoise �gure in the order of 40 dB. This �gure is atually one of the most limitingfator for spreading opto-RF tehnologies in radar systems. In order to be om-petitive with eletrial RF tehnologies, the noise �gure should approximatelybe redued to 10 dB.Below the ompression point, we an write:gRF = P(RF)outP(RF)in (2.7)P(noise)out = gRFP(noise)in + P(noise)link (2.8)If we assume that the link noise originates mainly from the laser soure, wean write: P(noise)link / hÆP 2(opt)lasi/ RINhP(opt)lasi2 + 2h��fhP(opt)lasi (2.9)
☞ The fator of proportionnality arises from the onversion of the modulated opti-al beam to modulated eletrial urrent in the photodiode. It is more preiselydesribed in hapter 3.At high optial output power (generally above a few mW), the shot noiseontribution to P(noise)link term of equation 2.9 is negligible ompared to theRIN ontribution.Combining equations 2.5, 2.7, 2.8, 2.9, for high optial output power, we�nd that the noise �gure an be written as:NF = 1 + �RINhP(opt)sourei2gRFP(noise)in (2.10)48



2.4 Combining soures for improving the RF link noise �gure
☞ � is a fator of proportionality.We see from equation 2.10, that an inrease of the RF link gain or a dereaseof the laser RIN (independently of the average optial power on the photodiode)improves the RF link noise �gure.It has been learly shown in the previous setion that using a multiple-lasersoure enables to improve the RF link gain. The RF noise �gure will obviouslybene�t from the gain improvement providing that the equivalent RIN of thelaser soure does not inrease dramatially. Aording to the literature [32℄, theRIN of multi-mode laser arrays is lower than the RIN of individual multi-modesoures. This setion aims at demonstrating the possible RIN improvementthat ould bene�t from the several-single-mode-laser soure arhitetures thatwe have previously desribed. Therefore we will now estimate the equivalentRIN of a N -lasers soure in omparison with individual lasers' RIN. In orderto do so, we will fous on di�erent eletrial arhitetures. Eventually, we willon�rm the model with experimental measurements.2.4.2 Equivalent RIN soureLet us onsider N lasers at a given bias urrent. Aording to equation 2.6, therelative intensity noise of eah individual laser RINlas is given as a funtion oftheir average optial output power hP(opt)lasi. The equivalent RIN of the soureomposed of N lasers (as shown for instane on �gure 2.1, page 24) writes aswell: RINsoure = hÆP 2(opt)sourei � 2h��fhP(opt)soureihP(opt)sourei2 (2.11)Assuming all the photons are gathered with no loss before detetion, wewrite:8 t; ÆP(opt)soure(t) = ÆP(opt)las1(t) + ÆP(opt)las2(t) + : : :+ ÆP(opt)lasN (t)8 t; P(opt)soure(t) = P(opt)las1(t) + P(opt)las2(t) + : : :+ P(opt)lasN (t)Inserting the sum into equation 2.11, the RIN soure derives as follows:RINsoure = h�PNi=1 ÆP(opt)lasi�2i � 2h��fhPNi=1 P(opt)lasiihPNi=1 P(opt)lasii2We now assume that all lasers have the same harateristis:RINsoure = NhÆP 2(opt)lasi+ 2N(N�1)2 hÆP(opt)lasi ÆP(opt)lasji � 2Nh��fhP(opt)lasiN2hP(opt)lasi2= 1NRINlas + N � 1N hÆP(opt)lasi ÆP(opt)lasjihP(opt)lasi2 (2.12)
☞ The seond term is representative of the inter-orrelation of the noise signals ofthe di�erent lasers.If the inter-orrelation term is weak, the equivalent RIN of the soure salesalmost linearly with 1N : the signal ombines oherently (in power), whereas thenoise ombines not oherently. 49



2. High signal-to-noise ratio emitter: disussion on a \system level" point of view2.4.2.1 Inter-orrelation termAssuming the laser noise is far above the shot noise, the inter-orrelation termwrites:RINsoure = 1NRINlas + N � 1N Ci;jRINlas (2.13)Ci;j = hÆP(opt)lasi ÆP(opt)lasjihÆP 2(opt)lasi= 8><>:1 if 8t; ÆP(opt)lasi(t) = ÆP(opt)lasj(t);�1 if 8t; ÆP(opt)lasi(t) = �ÆP(opt)lasj(t);0 if ÆP(opt)lasi and ÆP(opt)lasj are not orrelatedThis inter-orrelation term arises if the noise signals from the di�erent optialsoures are orrelated. In the ase of several laser avities, the laser modes arenot optially oupled, eah laser being proteted against feedbak by an optialisolator. The inter-orrelation term annot have an optial origin. However,the lasers may be eletrially linked to eah others, and these onnetions anfavor orrelation (or antiorrelation): a photon burst in one laser will give riseto a arrier reombination burst and thus a urrent burst in all the eletrialonnetions. If the lasers are onneted in series, the burst will ow througheah asaded laser, giving rise to a strong orrelation. On the other hand, if thelasers are onneted in parallel, the burst in one arm will reate an \antiburst"in the other arms, giving rise to anti-orrelation.In order to deepen the understanding of the orrelation proesses, we modelthe laser intensity noise as a noisy laser impedane:r(t) = hr(t)i + Ær(t)We assume in addition that the variations of the laser impedane (of har-ateristi time �) are slow ompared to the eletroni relaxation times, so that:8t; v(t) = r(t) � i(t)� & 50 ps
☞ The value given for � gives an order of magnitude, and orresponds approxi-mately to intraavity arrier reombination times.We onsider two lasers onneted in parallel and powered by a DC urrentbias: i(t+ �) = i(t)Notations are desribed on �gure 2.23.50



2.4 Combining soures for improving the RF link noise �gureFigure 2.23 Noisy impedane model for the parallel- (a), and series-onnetionarhiteture (b)
r ri(t) r1(t) + Ær1(t)i1(t) r2i2(t)
� v(t)

(a) r ri(t) r1(t) + Ær1(t)v1(t) r2v2(t)
(b)If at some time t: (r1(t+ �) > r1(t)r2(t+ �) = r2(t) = r2then: 8<:i1(t+ �) = r2r1(t+ �) + r2 i(t+ �) < r2r1(t) + r2 = i1(t)i2(t+ �) = i(t+ �) � i1(t+ �) > i(t)� i1(t) = i2(t)proving that an impedane variation of laser 1 gives rise to a urrent variationthrough laser 2. Furthermore, the urrent variation in laser 1 and laser 2 areanti-orrelated (Ci;j < 0).We now onsider two lasers onneted in parallel as well, but powered by aDC voltage bias: v(t+ �) = v(t)If at some time t: (r1(t+ �) > r1(t)r2(t+ �) = r2(t) = r2then: 8>><>>:i1(t+ �) = v(t+ �)r1(t+ �) < v(t)r1(t) = i1(t)i2(t+ �) = v(t+ �)r2(t+ �) = v(t)r2(t) = i2(t)An impedane variation on laser 1 does not give rise to any urrent variationthrough laser 2. Few orrelation will be deteted.Let us now onsider two lasers onneted in series, and powered by a DCurrent bias: i(t+ �) = i(t)If at some time t: (r1(t+ �) > r1(t)r2(t+ �) = r2(t) = r2then: (i1(t+ �) = i(t+ �) = i(t) = i1(t)i2(t+ �) = i(t+ �) = i(t) = i2(t)51



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewAn impedane variation modi�es the voltage drop, but does not inuenethe urrent through the lasers. Few orrelation is possible through eletronionnetions.Eventually, we onsider two lasers onneted in series, and powered by a DCvoltage bias: v(t+ �) = v(t)If at some time t: (r1(t+ �) > r1(t)r2(t+ �) = r2(t) = r2then: 8><>:i1(t+ �) = v(t+ �)r1(t+ �) + r2 < v(t)r1(t) + r2 = i1(t)i2(t+ �) = i1(t+ �) < i1(t) = i2(t)An impedane inrease of laser 1 lowers both the urrent through laser 1and laser 2. The noise orrelation is positive (Ci;j > 0).Table 2.5 summarizes the results obtained with the noisy impedane ap-proah. The series onnetion gives a positive orrelation, inreasing thereforethe equivalent RIN. The parallel onnetion however gives a negative orrela-tion whih will tend to derease even more the equivalent RIN. The parallelonnetion therefore seems to be more attrative for RIN lowering. Unfortu-nately, if we want to bene�t from the series-onnetion advantages desribed insetion 2.3, we will not be able to bene�t as well from the anti-orrelated RINof the parallel arhiteture. DC urrent bias DC voltage biasseries onnetion few orrelation Ci;j � 0 positive orrelationCi;j � 0:3 [33℄parallel onnetion negative orrelationCi;j � �0:3 [33℄ few orrelation Ci;j � 0Table 2.5: Summary of results predited by the varying impedane approah.For the ited estimation of Ci;j , see \Results from the literature", on page 53.2.4.2.2 Salability of the modelWe now onsider N lasers onneted instead of only two. Laser 1 is still theonly impedane varying laser at time t.For the parallel-onnetion, we an always write:8j 2 [[2; N ℄℄; ij(t) = r1(t) + r2 + : : :+ rj�1 + rj+1 + : : :+ rNr1(t) + r2 + : : :+ rN hiiThe di�erentiation gives:8j 2 [[2; N ℄℄; �ij�r1 = rj(hr1i+ r2 + : : :+ rN )2 hiiThe inuene of the impedane variation Ær1 on the urrent ij(t) will beall the less important as more lasers are onneted in parallel. The urrentutuation is \spread" among all the parallel arms.52



2.4 Combining soures for improving the RF link noise �gureFor the series-onnetion, we write as well:8j 2 [[2; N ℄℄; ij(t) = hvir1(t) + r2 + : : :+ rNwhih gives: 8j 2 [[2; N ℄℄; �ij�r1 = hvi(hr1i+ r2 + : : :+ rN )2As opposed to the parallel-ase, the partial derivate of the urrent in laserj is negative (giving rise to positive orrelation). In addition, the orrelationstrength also dereases with the number of lasers asaded. In this ase, weonsider that the voltage drop due to an inrease of the laser 1 impedane isspread among the other lasers.As a onsequene, for eah type of onnetion, the e�et of the eletrialnoise orrelation will be the most important for the 2-laser arhiteture.2.4.2.3 Results from the literatureRana et al. from the Massahusetts Institute of Tehnology also predited apositive orrelation for series-onnetion and a negative orrelation for parallel-onnetion [34℄. They also measured the orrelation strength to be equal toCi;j � �0:3 whether the lasers are onneted in series (DC voltage bias) or inparallel (DC urrent bias) [33℄. We inlude these results in table 2.5.2.4.3 Noise �gure and signal-to-noise ratio improvementIn pratial non-ampli�ed and non-impedane-mathed opto-RF links, the noise�gure is lose to 40 dB. In equation 2.10, the �rst term (whih omes from theampli�ed noise power density) is negligible ompared to the noise introduedby the link. The noise �gure is in these onditions proportional to:NF / RINhP(opt)sourei2gRFAording to equation 2.13, and assuming no or few eletrial orrelation fora DC urrent bias drive if lasers are onneted in series or in parallel, the RINis theoretially proportional to 1N .The RF gain improvement is also ompletely independent of the bias point.It has also been desribed previously, with the results summarized in table 2.3for the di�erent eletrial arhitetures.On the ontrary, the average optial power on the photodiode depends onthe laser bias point and thus on the onstrains of the system. The onstrainsvary from one eletrial arhiteture to the other. We limit here the disussionto series-onneted laser soures with a resistive impedane mathing.2.4.3.1 Detailed omparison for series-onneted laser soures witha resistive impedane mathingIn order to fully understand the omplex omparison of a multiple-laser soureand a single-laser soure, we ompare the system parameters of a omposed lasersoure with two di�erent single-laser referenes. Eah referene orresponds to53



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewa possibly implemented single-laser opto-RF link with a given set of onstrainsand limitations.For referene (a), we have a given input RF power. We are then wonderingwhat we an get in terms of noise fator and output signal-to-noise ratio im-provements from ombining laser soures. In the omparison of the ombinedsoure with referene (a), the same input RF power is injeted:P(RF)in;ref(a) = P(RF)inFor referene (b), we need a given RF output power. We are then wonderinghow we an get this same RF power with a ombinded laser soure, and whetherit relaxes the onstrains on the individual lasers. In the omparison of theombined soure with referene (b), the same output RF power is obtained atthe link output: P(RF)out;ref(b) = P(RF)outThe two ases are shematially presented on �gure 2.24.Figure 2.24 Comparison of the ombined arhiteture with (a) a single-lasersoure with equivalent input RF power, and (b) a single-laser soure with equiv-alent output RF power.
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Reference source (b)The graphs shown on �gure 2.24 display shematially a power-versus-urrentlaser harateristi (supposedly perfetly linear for omprehension issues) for theomposed laser soure and for eah referene. The dot symbolizes the bias point,and the diagonal line symbolizes the modulation amplitude in the P-versus-Iurve.For eah of the two ases, we present in table 2.6 the fator of proportionalityof the di�erent system parameters of the omposed laser soure, as omparedto the parameter of referene for the single-laser links referenes (a) and (b).54



2.4 Combining soures for improving the RF link noise �gureThe �rst olumn enumerates the lines and will be useful when disussing eahresult afterwards. The seond olumn presents the system parameters and theiralulation as a funtion of the other parameters. The third and fourth olumnsdisplay the proportionality fator as ompared to the single-laser links ases (a)and (b). For instane, the �rst line reads \the RF gain of a link using the multi-laser soure is N2 times higher than the RF gain of a link using the single-lasersoure of referene (a) and (b)".Parameter ase (a):P(RF)in;ref(a) =P(RF)in ase (b):P(RF)out;ref(b) =P(RF)out1 gRF (previous setions) N2 N22 RIN (previous setions) 1N 1N3 P(RF)in (by de�nition) 1 1N24 P(RF)out (by de�nition) N2 15 SNRin = P(RF)in=P(noise)in 1 1N26 hP(opt)sourei /pP(RF)out N 17 P(noise)out / RIN �hP(opt)sourei2 N 1N8 SNRout = P(RF)out=P(noise)out N N9 NF = SNRin=SNRout 1N 1N3Table 2.6: Summary of the predited system parameters for a series-onnetedresistive-impedane omposed laser soure, as ompared to two di�erent refer-ene single-laser arhitetures.Lines 1 and 2 The RF link gain and the relative intensity noise of the om-posed laser soure have already been disussed earlier in this hapter for thison�guration. For a series-onneted laser soure with a resistive impedanemathing, the gain inreases with N2, and the RIN dereases with 1N .Lines 3 and 4 By de�nition of the ase study, we ompare the omposedlaser soure with a referene single-laser soure with equivalent input RF power(ase (a)), and exhibiting equivalent output RF power (ase (b)).For referene (a), the output RF power is alulated as:P(RF)out;ref(a) = gRFP(RF)inFor referene (b), the input RF power is alulated as:P(RF)in;ref(b) = P(RF)outgRFIn other words, as ompared to referene (b), the requirements in terms of inputRF power of the multi-laser soure are N2 times lower than in the single-lasersoure to ahieve the same output RF power. 55



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewLine 5 The input RF noise power is assumed onstant and equal for the twoases to P(noise)in. For ase (b), as a diret onsequene of the lower RF inputpower needed, the signal-to-noise ratio an be N2 times lower than the single-laser ase to obtain the same output power (referene (b)).Line 6 Sine we assume no loss introdued by the ombining arhiteture, theoptial power reeived by the photodiode inreases for the multi-laser soure bya fator of N , when ompared to referene (a). For referene (b) however, aninrease in the RF input power of the single-laser soure by a fator of N2 inorder to deliver the same RF output power as the multi-laser soure means aninrease by a fator of N of the urrent modulation amplitude. This featurelearly appears in �gure 2.24. Keeping the same rate of modulation, the biaspoint is also inreased by a fator of N , and thus so is the average optial powerreeived by the photodiode. The average optial power inreases with the samerate (proportionally to N) for referene (b) and for the multi-laser arhiteture.Line 7 The output RF noise power evolution is alulated diretly as theprodut of the relative intensity noise by the square of the average optial power.This noise power dereases in ase (b), whereas it inreases in ase (a), beausethe average optial power for the mutli-laser soure also inreases as omparedto referene (a).Line 8 The two ases eventually provide the same output signal-to-noise ratio.While ombining laser soures, we obtain an output RF signal-to-noise ratio thatsales with N .Line 9 The noise fator however is very di�erent whether we ompare themulti-laser soure with a single-laser soure for a given input RF power, or witha single-laser soure that would exhibit the same output RF power. In the latterase, we need less input RF power (beause of the high gain) and a lower inputsignal-to-noise ratio to eventually obtain the same output RF power and at leastthe same (in fat even a higher) output signal-to-noise ratio!Notie that the arhiteture of referene (a) and referene (b) is exatly thesame. The omparison held gives rise to a di�erent noise fator beause thenoise fator of referene (a) is di�erent from the noise fator of referene (b).2.4.3.2 Literature available dataUnfortunately, there is only one noise �gure experimental publiation availablefrom the literature, from C.H. Cox et al. [1℄. We have seen previously thatthe measured RF gain data of this same publiation are very muh similar topredited results (� �0.1 dB). The omparison is held for a series-onnetedlaser soure with a resistive impedane mathing, and for onstant input RFpower. These onditions are ompatible with the omparison with referene (a)performed above. For six lasers, C.H. Cox et al. found a noise �gure improve-ment of 6 dB, whih should be ompared to the 16 = 7:8 dB expeted by theabove alulation and disussion.56



2.4 Combining soures for improving the RF link noise �gure2.4.4 Experimental ahievementsWe have seen in the previous setion that for series-onneted lasers some orre-lation between the noise signals may alter the RIN improvement expeted fromindependently-onneted laser soures. The goal of this experimental setion isto evaluate the amplitude of these eletrial inter-orrelation and to estimatewhether or not they an be harmful to the RIN properties of a omposed lasersoure.2.4.4.1 Experimental set-upWe have used two ommerially-available buttery-module lasers and onnetedthem in series. Figure 2.25 displays the experimental set-up.Figure 2.25 Experimental set-up for measuring the RIN of a omposed lasersoure.

The RIN measurement set-up onsists in a high eÆieny photodiode, a low-noise, large-bandwidth (0-21 GHz) RF ampli�er, and a spetrum analyzer. Thevery sensible alibration protoole is desribed elsewhere [35℄. On the otheroutput arm of the oupler, an optial spetrum analyzer displays the ombinedsignal optial spetrum.A polarization ontroller is plaed on one of the input arms of the oupler.The bene�ts from ontrolling the polarization di�erene between the two lasersoures will be lari�ed afterwards (see setion 2.4.4.3). A urrent power sup-ply injets the urrent in series in the two lasers (70 mA), and we ollet thelight from both lasers with the oupler. For omparison, we have disonnetedalternatively the input arms of the oupler in order to measure the individuallaser RINs in the same eletrial onditions.2.4.4.2 Experimental resultsFigure 2.26 presents the measured RIN of the ombined signal (in thin blakline) as ompared to the RIN of eah laser (in thin gray line). The inset showsa zoom in the resonane frequeny region (from 5 to 10 GHz).Sine the lasers do not have the same harateristis (in terms of RIN, andof optial power), we need to generalize somewhat equation 2.12. The general57



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewequation (inluding the inter-orrelation term) writes:RINsoure = PiRINlasiP 2(opt)lasi�Pi P(opt)lasi�2 +Xi6=j hÆP(opt)lasi ÆP(opt)lasjiP(opt)lasiP(opt)lasj�Pi P(opt)lasi�2
☞ The seond term in the equation aounts for the orrelation between the noisesignals.Figure 2.26 RIN measurements of the ombined laser soure (thin blak line)as ompared to individual laser RINs (thin gray lines). The bold gray line(perfetly mathing the thin-blak line) shows the alulated ombined signalRIN spetrum.
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We ompare on �gure 2.26 the measured RIN (thin blak line) with the RINalulated with the assumption that the noise signals are not orrelated (boldgray line): 8i;8j 6= i; hÆP(opt)lasi ÆP(opt)lasji = 0RINsoure = RINlas1P 2(opt)las1 +RINlas2P 2(opt)las2�P(opt)las1 + P(opt)las2�2The alulated RIN (bold gray line) perfetly mathes the measured data,proving that the orrelation terms are negligible in this ontext.In addition, we have ompared the RIN of a ombined laser soure withseries-onneted lasers and the RIN of a ombined laser soure with separatelybiased lasers. Figure 2.27 displays the experimental data whih results in veryfew disrepany between the two noise measurements. No e�et of eletrialinter-orrelation is visible neither on an individual laser RIN, nor on the om-bined soure RIN. 58



2.4 Combining soures for improving the RF link noise �gureFigure 2.27 Comparison of individual-laser and ombined-soure RIN withdi�erent eletrial onnetion shemes (series and separately biased).
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2.4.4.3 E�et of heterodyne beatingIn parallel of this study of series onneted laser soures, we arried out an in-depth study to understand the heterodyne interation between the laser signalsinjeted in the oupler [8℄.If we take no speial are in the set-up protool, the ombining experimentvia an optial oupler results in an important low-frequeny (0-5 GHz) as wellas high-frequeny (�15 GHz) noise inrease (see �gure 2.28).Using an optial band-pass �lter, we proved that this noise was atuallyalmost blank over the whole eletrial bandwidth, and due to optial heterodynebeating between the DFB peak of the �rst laser, and seondary optial modesof the seond laser in the viinity of the �rst laser peak [8℄. It should be notedthat this problem is therefore spei� of externally ombined laser soures. Forseveral laser juntions in the same optial mode (suh as in bipolar asadelasers), this disussion is not relevant. The origin of this noise is exposed in�gure 2.29.One solution for avoiding heterodyne beating is to �lter the seondary lon-gitudinal modes with a band-pass �lter. This priniple has been proposed [36℄and then suessfully used in a MUX-ombining experiment [6℄. As already dis-ussed in setion 2.2, it nevertheless arries two drawbaks: the need for laserwavelength sorting, and the noise inrease of eah individual laser due to ei-ther the �ltering of modes in ompetition with the DFB mode (modal partitionnoise), or the onversion of frequeny noise into amplitude noise at the edge ofthe �lters if the lasers are not well entered in the MUX-omb.59



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewFigure 2.28 Comparison of RIN measurements with two di�erent states ofpolarization di�erene between the two laser soures.
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Figure 2.29 Priniple shemati of heterodyne beating resulting in an impor-tant additional frequeny noise.
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(b) Using a band-pass �lterAnother solution is to injet the light beams with rossed polarization. Thisobservation explains why we have used a polarization ontroller on one input armof the oupler on �gure 2.25. Figure 2.28 shows the RIN spetra of the ombinedsoure with polarizations mathed and polarizations in rossed-polarization.This solution is very eÆient (it an even be used for ombining laser souresspetrally very lose to eah other), but requires a ontrol of the polarization,and is limited intrinsially to two lasers!Nevertheless, in order to make a more robust implementation in systems, itis possible to use polarization maintaining �bers and to injet the light beamsin the oupler with rossed polarization. Besides, instead of using a simpleoupler, it ould be interesting to gather the light via a polarization ombineras proposed on �gure 2.30.60



2.4 Combining soures for improving the RF link noise �gureFigure 2.30 Proposed set-up for a more robust implementation in systems [8℄.

In addition to the 3-dB RIN improvement, we would also get a 3-dB optialpower enhanement. The arhiteture would also be a lot more robust, whihis an asset for implementation in systems suh as airborne systems. To avoidany vibration sensistivity, it is also neessary to make all the optial onne-tion using polarization-maintaining �bers. The whole set-up with polarization-maintaining �bers and the polarization ombiner nevertheless annihilates thelow-ost advantage of the simple oupler-based arhiteture.2.4.5 Limitations of the disrete element arhitetureAording to the alulations performed and to the nie experimental demon-stration of the theories exposed in this hapter, asading N disrete lasers mayinrease the RF link gain by a fator of N2 and redue the output signal-to-noiseratio by a fator of 1N .Unfortunately, the disrete on�guration arries some intrinsi drawbaksthat limit the maximum improvement we an get from asading lasers.The �rst limitation has already been foused in setion 2.2 while disussingthe ruial issue of ombining optial light beams. It is indeed very diÆultto ombine with no loss and no additional noise several light beams arried bydi�erent media.A seond limitation has not yet been disussed in this hapter: the band-width limitation. Casading lasers and driving them with the same RF signalimplies that the RF signal reahes the di�erent lasers with some delay. Thisdelay triggers a RF phase shift that either needs to be optially ompensated(as it is the ase for the integrated traveling-wave photodetetors disussed insetion 2.2), or will alter the RF gain. A very aurate, ostly, and time on-suming pakaging study is neessary to obtain a devie transmission bandwidthsuitable for use in systems.If no optial ompensation is used, then the bandwidth of the omposeddevie is limited by the phase shift between the disrete lasers. We have in-tended to observe this bandwidth limitation, but using very simple eletrialonnetions between the lasers (see for instane �gure 2.22-(a) on page 47), itappeared that the major limitation ame from the bandwidth of the eletrialonnetions and not the intrinsi limitation due to propagation of the signalfrom disrete laser to disrete laser. 61



2. High signal-to-noise ratio emitter: disussion on a \system level" point of viewIn order to irumvent these intrinsi limitations, it would be interestingto emit the di�erent light beams diretly into the same medium. In addition,the bandwidth shortomings an be postponed if the laser strutures are plaedas lose as possible to eah other. The bipolar asade laser struture, as itwas already desribed in the general introdution therefore onstitute the verynatural improvement of this disrete arhiteture.2.5 ConlusionWe have seen in setion 2.3, that while onsidering the RF gain of the optiallink omposed of N individual lasers, it is theoretially always preferable touse a series onnetion sheme. In this ontext, a theoretial gain improvementproportional to N2 an be ahieved, and we experimentally reahed an inreaseof almost 12 dB by the use of four ommerially available buttery pakagedlasers.Furthermore, we have shown in setion 2.4, that exept for heterodyne beat-ing noise that is not to be onsidered in several ative juntions integrated intoa single laser mode, ombining the light of N lasers tends to derease the RINby a fator of 1N . This feature was also proved experimentally when we observeda 3-dB RIN improvement while olleting the light from 2 lasers. The parallelon�guration is theoretially preferable for noise redution, but experimentaldata in our set-up onditions proved that the eletrial inter-orrelation term inthe ase of series-onneted lasers is too weak to be observed.It is therefore proven that asading several individually pakaged lasersenables to improve the optial link noise �gure.However, not-integrated ombining soure present the drawbak of limit-ing the RF bandwidth. The following hapters will therefore onsider severalphoton-emitting ative regions into a single laser omponent. We will now inves-tigate whether the results on the RF link gain and on the RIN remain promisingeven in a monolithi omponent, without degrading the devie RF bandwidth.
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Chapter 3\Component level" point ofview: a omprehensivemodel of the integrateddevie

3.1 Introdution to rate equation analysisWe have seen in hapter 2 that the external di�erential eÆieny of a laser soureomposed of N lasers is higher than for one single laser. Suh an arhitetureleads to an important link gain improvement. In addition, We have seen thatit was possible to average and thus redue the laser optial power utuationsby ombining the light from di�erent disrete lasers. A RIN redution was thistime observed.We are now interested in an integrated version of the asaded laser soure.As we already saw in the General Introdution, the literature laims that theexternal eÆieny inreases proportionally with N , and that the urrent thresh-old dereases with 1N [1, 2℄. It is also indiated that the relative intensity noise67



3. \Component level" point of view: a omprehensive model of the integrated devieof bipolar asade laser dereases with 1N , in aordane with what was provedfor disrete lasers in hapter 2 [2℄.In this hapter we intend to hek whether these features proved theoretiallyand experimentally for disrete lasers still remains for an integrated omposedsoure. In order to do so, we use an equation rate laser model. We will �rstdesribe the general formalism; then alulate, for di�erent type of strutures(inluding bipolar asade lasers) the steady-state and the dynami behavior.Eventually, we will give an estimation of the noise properties of bipolar asadelasers within the rate equation formalism.3.1.1 General desription of the modelEah model needs to be spei�ally designed to aount for the phenomenameant to be put forward. Here we intend to desribe the single-mode BCLharateristis (at thermodynami equilibrium but also dynami harateris-tis) in omparison with more onventional laser strutures. The omparisonwill be drawn with \high level" parameters, eah one desribing the overallharateristis of the struture. For instane, a single parameter will be used todesribe the very omplex photon-with-matter interation that leads to optialampli�ation.The \rate equation model" has the deisive advantage of presenting an em-pirial, omprehensive and aurate desription of the omplex semiondutorlaser struture. This model is \lassial", in the sense that arriers (eletron-hole pairs available for reombining) and photons are onsidered as partileswith both known spae oordinates, and known energy; but it aounts forquantum mehanial proesses suh as stimulated emission, for instane. It iseven possible with the same desription to aount for non-lassial light states(squeezing) [3, 4℄.In order to introdue the rate equations, we will use a very strong metaphorborrowed from the hydrodynami �eld. On �gure 3.1, the laser is omparedto a water reservoir [5, 6℄. Carriers are ontinuously supplied to the strutureas a ow of tap water. Continuous urrent leakage ours (both radiative andnon-radiative), and when the level reahes a threshold value, for every injetedarrier, a photon is generated in the dominant mode.Figure 3.1 Hydrodynami metaphor to embody a shematial laser mehanism[5, 6℄
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3.1 Introdution to rate equation analysisIn order to write the rate equations, we will rely on a reservoir model,shematized on �gure 3.2.Figure 3.2 The \reservoir" representation desribes the rate equation approah[6℄

3.1.2 Carrier population rate equationWhen a urrent I goes through the devie, �i Ie arriers are injeted in the ativeregion per unit time.
☞ �i is the injetion eÆieny and aounts for eletron leakage or more generallyinjeted arriers that are never available for reombination.These eletron-hole pairs have, in semiondutors, a natural tendeny to re-ombine spontaneously. The spontaneous reombination phenomenon in semi-ondutor is similar to the deay of radioative partiles disovered by HenriBequerel in 1896. The rate equation model postulates that it is possible todesribe the arrier population N evolution with the simple equation:dNdt = Ie �R
☞ R is a general reombination rate.Furthermore, every reombination proess dissipates some energy (the en-ergy di�erene between the eletron state and the hole state). This energymay either be transferred to the rystalline lattie by mehanial vibrations(phonons), or onverted into an eletro-magneti osillation (photons). In thelatter ase, the reombination is radiative. This reombination phenomenon issometimes alled \bimoleular reombination" sine it requires an eletron anda hole to interat simultaneously. Beause two partiles are involved in thisproess, it is onsistent to �nd that its amplitude inreases quadratially with69



3. \Component level" point of view: a omprehensive model of the integrated deviethe number of arriers (it an be onsidered similarly to the mass ation lawwell known in hemistry [7, 8℄): Rspont = BN2
☞ The reombination rates usually depend on the arrier density (and not on thearrier population). In InP, we �nd Bdensity ' 10�10 m3.s�1 [7, 9{11℄. We usehowever the arrier population and multiply the oeÆients with the volume ofthe ative region when neessary to obtain the \population" oeÆients. Forinstane: B = BdensityVative
☞ Please note that the oeÆients and notations used (and the referene soures)are summed up in appendix A.There are several mirosopi proesses responsible for non-radiative reom-binations. The most obvious is thermal reombination desribed by R. N. Hall in1952 [12℄, and statistially alulated by Shokley and Read almost at the sametime [13℄. The proess is often refereed to as Shokley-Read-Hall (SRH) reom-bination. The rystalline lattie an not support a non-radiative reombinationinvolving one single high-energy phonon that would stem from a non-radiativeband-to-band reombination. Eletron-holes atually reombine via intermedi-ate states aused by the presene of defaults or impurities. The annihilationomes in two steps: �rst, the defet traps a arrier of one type (eletron orhole), then this arrier is reombined with the omplementary arrier (hole oreletron). Following the law of mass ation, we would expet this proess tobe linear with the number of arriers (beause it only involves one arrier at agiven time), and atually we have:RSRH = AN
☞ In InP, Adensity ' 108 s�1 [11, 14℄.A more omplex proess involves three arriers and is known as Auger reom-bination. The reombination energy is transferred to another free arrier whihmakes an intra-band transition and further dissipates its energy by several, lowenergy, vibrational transitions. Although not dominant in GaAs-based devies,the proess arries a major interest for narrow-band-gap (' 1:5 �m) lasers [15{17℄. Three arriers interat simultaneously, whih is one again onsistent withthe N3 evolution: RAuger = CN3
☞ In GaAs-based lasers, Cdensity ' 3:5� 10�30 m6.s�1 [6℄, whereas for InP-basedlasers, Cdensity ' 5� 10�28 m6.s�1 [11, 14, 15, 18{20℄.Last, but not least, following Max Plank's (1858-1947) brand new radiationlaw [21℄ (1900), Albert Einstein elaborated a theory of light omposed of energyquanta (photons) and proposed, in 1905, a reombination proess by stimulatedemission. This proess requires a �rst photon to trigger the reombination of an70



3.1 Introdution to rate equation analysiseletron-hole pair simultaneously with a seond-photon emission. This proessis the building blok of every laser (Light Ampli�ation by Stimulated EmissionRadiation) and grati�ed A. Einstein with the Nobel Prie in 1921 [22℄. To beeÆient, this proess requires several onditions:� suÆient arrier (eletron-hole pairs) density,� suÆient photon density.If too few photons interat with atoms, the stimulated proess is negligible.If too few arriers are available for reombination, the reiproal interationtakes plae, namely: absorption.We will therefore de�ne a \transpareny" number of arriersN0 below (resp.above) whih absorption (resp. stimulated emission) will be dominant. Thestimulated emission rate writes:Rstim = G(N)P( G(N) > 0; if N > N0G(N) < 0; if N < N0
☞ The net gain G is a funtion of N , and is harateristi of the QW geometryand materials.Figure 3.3 displays a summary of eah type of eletron-hole pair reombina-tions that an our in a semiondutor.Figure 3.3 Summary of the di�erent type of reombinations in a semi-ondutorlaser
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3. \Component level" point of view: a omprehensive model of the integrated devieThe eletron rate equation then writes:dNdt = �i Ie � �Rstim +Rspont +RSRH +RAuger�= Ie �G(N)P � �AN +BN2 + CN3� (3.1)3.1.3 Photon population rate equationThe photon population of the dominant mode an also be desribed by a rateequation: dPdt = Rstim + �Rspont � P�P (3.2)
☞ A stimulated emission reombination inreases the number of photons in thedominant mode
☞ The individual spontaneous emission radiations have no phase relationship.Only a small portion � of the photons spontaneously emitted are olleted intothe dominant mode.
☞ �P stands for the photon lifetime due to losses of the avity.
☞ No gain saturation is assumed.3.1.4 Laser thresholdWhen no arrier is injeted in the devie, the (\old") avity exhibits losses,haraterized by the photon-population-deay time �P . We therefore haveRstim � P�P and equation 3.2 tends to derease the (already very low) photonpopulation. Now if the injetion is suÆient to reate gain inside the avity suhas Rstim > P�P , we would then, aording to equation 3.2 have a ontinuously-inreasing photon population! This very naive interpretation is false and may beorreted by notiing that the stimulated emission proess depletes the arrierpopulation in equation 3.1.Nevertheless, the simple interpretation shows that at some point, the gainwill reah a threshold value above whih the stimulated proess will be dom-inant. Pratially speaking, we observe that below a ertain urrent density,almost no photons are emitted by the devie. Above this urrent threshold,the stimulated (laser) e�et starts, the slope of the power-versus-urrent har-ateristis abruptly hanges and the output power inreases by several ordersof magnitude. This urrent threshold will be alulated in this hapter for thedi�erent devie on�gurations.3.1.5 Expression of �PIn order to desribe a little more preisely what lies behind the \high-level"loss oeÆient �P (and also to alulate the output power), we onsider thelight inside the avity as onsisting of partiles (photons) traveling with a modegroup veloity: vg = ne�
☞  is the speed of light.72



3.1 Introdution to rate equation analysis
☞ ne� is the e�etive index of the dominant lasing mode.These dominant-mode photons therefore ahieve a round trip inside the avityin a time �RT: �RT = 2Lvg
☞ L is the avity longitudinal dimension.
☞ We need to assume here that photons are not absorbed during this round-triptime. This approximation is not valid for the \old" avity: �RT < �P . Never-theless, we will use this approximation for alulating the harateristi of thelaser over threshold, where the gain almost equals the losses, and the photonlifetime tends to in�nity.If P photons reah the �rst mirror, an average of R1P will be reeted.Taking into aount the seond mirror and the internal sattering losses (dueto impurities or to the optial waveguide geometry), a small portion atuallyahieve the round-trip:Pafter RT = Pbefore RT �R1R2e�2L�i�P is harateristi of the photon population time-deay in the avity, wewrite: Pafter RT = Pbefore RT � e� �RT�PThe average time-deay therefore omes:1�P = vg(�i + �m) (3.3)�m = 12L ln 1R1R2
☞ The photon deay due to losses through the mirrors is averaged spatially andharaterized by a linear mirror loss oeÆient �m. We de�ne only one averagemirror loss oeÆient, but we ould have as well de�ne one loss oeÆient foreah mirror.
☞ R1;2 are the mirror power reetivities of faet 1,2. if no speial faet oating isdeposited R1 = R2 = ���neff�1neff+1 ���2. For instane, if ne� = 3:3, then R1 = R2 � 0:29.
☞ ne� is the e�etive refrative index of the lasing mode.3.1.6 Output powerThe photon losses through the mirrors are not properly speaking \losses" be-ause they onstitute the output laser beam. What is not reeted inside springsout of the avity. The output optial power may then be written in terms ofoptial losses: S = 12�mvgh�P (3.4)
☞ h� is the energy of the photon resulting from reombination proesses.
☞ The output power is generally olleted only from one laser faet, thus the 12term for idential mirors. 73



3. \Component level" point of view: a omprehensive model of the integrated devie
☞ Notie that S is an optial power measured in Watts, whereas P is a number ofphotons.For simpli�ed expression, we will sometime use �0 = 12�mvgh�. The outputpower then yields : S = �0P (3.5)3.1.7 Comparing di�erent QW struturesThe studied BCL struture exhibits several ative regions and thus also severalquantum wells (at least one per ative region). The laser harateristis aremodi�ed with the BCL struture, but it is not obvious to estimate whetherthe hange is due to the inreased number of QWs or the inreased number ofative regions. To put it the other way, a two-ative region BCL (eah ativeregion ontaining one QW) will have eletrial properties omparable to a one-QW struture, but the optial properties will be more omparable to a two-QWstruture. Figure 3.4 shows a shemati view of the three strutures that willbe ompared within this model.Figure 3.4 Shemati representation of the di�erent QW strutures studied inthis hapter
electron

(a) Single Quantum Well(SQW)
electron

(b) Double QuantumWell (DQW)
electron

() Casade QuantumWell (CQW)For the �rst struture (SQW), the rate equations are the one desribedpreviously:ddt�NSQW� = �i Ie �G(NSQW)PSQW� �ANSQW +BN2SQW + CN3SQW� (3.6)ddt�PSQW� = G(NSQW)PSQW + �BN2SQW � PSQW�P (3.7)For the seond struture (DQW), the urrent is spread among the two QWs.We an desribe eah QW separately and onsider a reservoir for eah arrier74



3.1 Introdution to rate equation analysispopulation.ddt�N (1)DQW� = �(1)i I2e �G�N (1)DQW�PDQW� �AN (1)DQW +BN2DQW(1) + CN3DQW(1)� (3.8)ddt�N (2)DQW� = �(2)i I2e �G�N (2)DQW�PDQW� �AN (2)DQW +BN2DQW(2) + CN3DQW(2)� (3.9)ddt�PDQW� = hG�N (1)DQW�+G�N (2)DQW�iPDQW+ �B�N2DQW(1) +N2DQW(2)�� PDQW�P (3.10)
☞ In the present hapter, we will use either N (i)XQW, or NXQW(i) to point out thesame arrier population of reservoir i in the on�guration XQW. The indexappears sometimes in subsript to prevent onfusion with an exponential term.Figure 3.5 shows the \reservoir" representation used to derive the rate equa-tions for DQW and CQW. The overall loss is supposed unhanged, and theharateristis of the QWs are supposed to be the same for every QW.Figure 3.5 \Reservoir" diagram for strutures DQW and CQW

(a) Double Quantum Well (DQW) (b) Casade Quantum Well (CQW)
For the third struture (CQW), the urrent is assumed to be entirely reyledfrom the �rst ative region, into the seond ative region. The other overall75



3. \Component level" point of view: a omprehensive model of the integrated devieharateristis remain unhanged.ddt�N (1)CQW� = �i Ie �G�N (1)CQW�PCQW� �AN (1)CQW +BN2CQW(1) + CN3CQW(1)� (3.11)ddt�N (2)CQW� = �i Ie �G�N (2)CQW�PCQW� �AN (2)CQW +BN2CQW(2) + CN3CQW(2)� (3.12)ddt�PCQW� = hG�N (1)CQW�+G�N (2)CQW�iPCQW+ �B�N2CQW(1) +N2CQW(2)�� PCQW�P (3.13)Eventually, sine there is only one optial mode for the three types of avity,the equation 3.4 oupling the output power to the inside number of photons isthe same for the three strutures:SXQW = �0PXQW (3.4)
☞ �0 does not depend on the onsidered struture.3.1.8 ApproximationsThe rate equations as derived above are strongly non-linear. The purpose ofthis setion is not to develop a omplete solution that would take into aountevery non-linear small-e�et phenomenon (suh a disussion an for instanebe found in [6℄ for a single-ative region laser). It is here useful (and alreadyhallenging) to build a simple model that will lead us to understanding the basibut fundamental di�erene between the three proposed ases. As a onsequene,we will assume approximations and try to identify the auses that indue majore�ets on the harateristis. The approximations used all over this hapter arethe following:� The evolution of the gain fator, while inreasing the arrier density isusually onsidered as non-linear [6, 7℄. Here, in a purpose to simplifyingalulations, we onsider the gain as linearly dependent of the arrierdensity: G = G0(N �N0)

☞ G0 is the gain harateristi of the QW.
☞ N0 is the number of arriers in eah QW required to reah transpareny.
☞ We also neglet the gain ompression and the gain thermal roll-o�.� The internal di�erential quantum eÆieny �i as de�ned above is urrentlyfound with values around 70% for 1.55�m ridge-waveguide InGaAsP/InPlasers [17℄. Here, in order to simplify expressions, and to put the emphasison the fundamental e�ets that lie behind the new asade struture, weset �i to 1 whatever be the onsidered struture.76



3.2 Steady-state solution� Last but not least, G(N) usually refers to the modal gain, i.e. the optialgain relatively to the overlap fator between the optial mode and theative region [6℄. This overlap di�ers if more QWs are inserted in thestruture, or if the QWs are not in the enter of the optial avity. Herewe onsider that the overlap is the same whatever be the onsidered QWand whatever be the number of QWs.3.2 Steady-state solutionLet us �rst onsider those equations under steady-state onditions. In order todo so, we injet in the equations ddt = 0 to aount for a steady-state solution.Additional approximations for steady-stateIn order to simplify alulations and to make possible the omparison betweenstrutures, we only aount for a spontaneous reombination rate linear withthe arrier population. We suppose that spontaneous reombinations dominatenon resonant reombinations, and that the number of reombinations per timeunit is proportionnal to the arrier population:AN ' 0BN2 = N�ECN3 ' 0
☞ The approximation is not ompletely aurate for alulating the output powerbelow threshold (spontaneous emission). Over threshold, the arrier populationdoes not vary muh, and the spontaneous reombination term an be linearised.3.2.1 Single QW, single ative juntion (SQW)The �rst ase to analyze is the most simple ase where the laser ontains only oneative juntion, with one single QW. Considering the approximations mentionedabove, as well as the harateristis inherent from steady-state solutions, wehave: 0 = Ie �G0(NSQW �N0(SQW))P SQW � NSQW�E0 = G0(NSQW �N0(SQW))P SQW + �NSQW�E � P SQW�PBelow threshold, we neglet the stimulated emission termG0(NSQW �N0(SQW))P SQW ' 0We get: NSQW = �E IeP SQW = � �P�ENSQW 77



3. \Component level" point of view: a omprehensive model of the integrated devieAbove threshold, the spontaneous emission term is negleted �NSQW�E ' 0,and the gain is lamped to its threshold value:P SQW = �Pe �I � Ith(SQW)�Ith(SQW) = eNth(SQW)�ENth(SQW) = 1G0�P +N0(SQW)
☞ Nth is the arrier population at threshold.
☞ Ith is the urrent threshold.Aording to equation 3.4 and equation 3.3, the output power writes:8>>><>>>: If I � Ith(SQW); SSQW = 12� �m�i + �m h�e IIf I > Ith(SQW); SSQW = 12 �m�i + �m h�e �I � Ith(SQW)� (3.14)The term in fator of the urrent term is the slope of the light-versus-urrentS(I) harateristi. It is refereed to as the external di�erential eÆieny �d(SQW)and is expressed in A/W. The external di�erential quantum eÆieny (DQE)�DQE(SQW) is the same physial harateristi, but normalized to a number ofoutput photons for one input eletron:�d(SQW) = 12 �m�i + �m h�e (3.15)�DQE(SQW) = 12 �m�i + �m (3.16)3.2.2 Two QW, single ative juntion (DQW)In the ase of multiple QWs in the same ative region, we an simply add the�rst two equations. We take the sum of the arrier population as the newvariable: N (+)DQW = N (1)DQW +N (2)DQWin this ase, we get a more simple two-equation system:0 = Ie �G0(N (+)DQW � 2N0(SQW))P SQW � N (+)DQW�E0 = G0(N (+)DQW � 2N0(SQW))P SQW + �N (+)DQW�E � P SQW�POne again, we neglet stimulated emission below threshold:N (+)DQW = �E IePDQW = � �P�EN (+)DQW78



3.2 Steady-state solutionAnd above threshold, spontaneous emission is negleted:PDQW = �Pe �I � Ith(DQW)�Ith(DQW) = eN (+)th(DQW)�EN (+)th(DQW) = N (1)th(DQW) +N (2)th(DQW) = 1G0�P + 2N0(SQW)The output power writes:8>>><>>>: If I � Ith(DQW); SDQW = 12� �m�i + �m h�e IIf I > Ith(DQW); SDQW = 12 �m�i + �m h�e �I � Ith(DQW)�Comparison to previous resultsIf we onsider that photon lifetime is similar for SQW and DQW, we an derive:1�P = G0�Nth(SQW) �N0(SQW)� = G0�N (+)th(DQW) � 2N0(SQW)�Nth(SQW) �N0(SQW) = N (+)th(DQW) � 2N0(SQW)N (1)th(DQW) = Nth(SQW) +N0(SQW)2then as N0(SQW) < Nth(SQW),Nth(SQW)2 / N (1)th(DQW) < Nth(SQW)If we an neglet N0(SQW), that is to say when N0(SQW) � Nth(SQW), theinequality beomes equality. We an then get with N (+)th(DQW) = 2N (1)th(DQW),following equation 3.17: Ith(DQW) = eN (+)th(DQW)�E= 2eN (1)th(DQW)�E' eNth(SQW)�E' Ith(SQW)The threshold urrent inreases with the number of quantum wells. More ur-rent is required to drive more QWs to transpareny.The external eÆieny on the other hand is not modi�ed with the approxi-mation that the internal eÆieny does not hange with the number of QWs.79



3. \Component level" point of view: a omprehensive model of the integrated devie3.2.3 Two ative juntions, eah inluding a single QW(CQW)We set as well N (+)CQW = N (1)CQW + N (2)CQW; the system is then a two-equationnon-linear system:0 = 2Ie �G0(N (+)CQW � 2N0(SQW))PCQW � N (+)CQW�E0 = G0(N (+)CQW � 2N0(SQW))PCQW � PCQW�PWe neglet stimulated emission below threshold :N (+)CQW = �E 2IePCQW = � �P�EN (+)CQWAnd above threshold, spontaneous emission is negleted:PCQW = 2�Pe �I � Ith(CQW)� (3.17)Ith(CQW) = eN (+)th(CQW)2�E (3.18)N (+)th(CQW) = N (1)th(CQW) +N (2)th(CQW) = 1G0�P + 2N0(SQW) (3.19)The output power writes:8>>><>>>: If I � Ith(CQW); SCQW = 12� �m�i + �m h�e IIf I > Ith(CQW); SCQW = 12 �m�i + �m h�e �I � Ith(CQW)�Comparison to previous resultsFor the same reasons previously mentioned, we have:Nth(SQW)2 / N (1)th(CQW) < Nth(SQW)We derive with N (+)th(CQW) = 2N (1)th(CQW), following 3.19:Ith(CQW) = eN (+)th(CQW)2�E= eN (1)th(DQW)�EIth(CQW) = Ith(DQW)280



3.3 Dynami behaviorLeading to: Ith(SQW)2 / Ith(CQW) < Ith(SQW)Eletrially onneting several ative regions enables the urrent thresholdto derease linearly with the number of ative regions in omparison with DQW.Comparing with SQW, we get a linear diminution of the threshold urrent only iftranspareny population an be negleted as ompared to threshold population.In addition, the external eÆieny DQE is linearly inreased with the num-ber of asade lasers. The eletroluminesene below threshold also inreaseslinearly with the number of ative asaded regions.Figure 3.6 ompares the alulated harateristis for SQW, DQW andCQW. As ompared to SQW, the threshold urrent inreases while more QWsare grown inside the same ative region (DQW), and it is almost divided by afator of N , if N ative regions are asaded in the same optial avity. Theexternal eÆieny is approximately the same for SQW and DQW, whereas itinreases by a fator of 2 for the asaded struture.Figure 3.6 Compared alulated power-vs-urrent harateristis for SQW,DQW and CQW.
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☞ The parameters used for alulation are listed in appendix A.3.3 Dynami behaviorThere is no known analytial solution to the non-linear oupled di�erential rateequations systems. Their resolution usually requires a numerial proess. Inorder to obtain analytial expressions we need to linearise the problem.In this setion, and in the following, we will onsider a laser struture urrent-biased with a time-average value I . From the previous setion, we an derivethe average arrier and photon populations (N and P ). We now onsider the81



3. \Component level" point of view: a omprehensive model of the integrated devieinstantaneous departure from their average values:X(t) = X + ÆX(t)where X stands for I , N , P or S. We injet the new variables ÆI , ÆN , ÆP andÆS into the rate equations 3.6 to 3.13.The average values exatly ful�ll the steady-state rate equations and there-fore vanish out. Furthermore, for small deviations we an neglet the seond-order or third-order terms and we eventually get a di�erential-equation systemlinear for the new variables:ddt�ÆNSQW(t)� = ÆI(t)e � ÆPSQW(t)�P � �GP SQW + 1� 0E �ÆNSQW(t)ddt�ÆPSQW(t)� = GP SQW ÆNSQW(t)
☞ We set: 1� 0E = A+ 2BNSQW + 3CN2SQW.and the output power utuations are given by:ÆSSQW(t) = �0 ÆPSQW(t)The power utuations may also arise from noise. In order to aount fornoise generated utuations, we inlude an additional term in the rate equations.These terms are known as Langevin soures and will be desribed in more detailsin setion 3.4.3 on page 92. The rate equations beome:ddt�ÆNSQW(t)� = ÆI(t)e � ÆPSQW(t)�P� �GP SQW + 1� 0E �ÆNSQW(t) + FNSQW(t) (3.20)ddt�ÆPSQW(t)� = GP SQW ÆNSQW(t) + FPSQW (t) (3.21)
☞ FYXQW(t) are the Langevin noise soures.and the output power utuations:ÆS(SQW)opt(t) = �0 ÆPSQW(t) + FSSQW(t) (3.22)As we expet to obtain the frequeny response of the struture, we onsiderharmoni deviations from the average values ÆX(t; !) = ÆX(!)os(!t) . Ifthe real modulation is not purely harmoni, it ould still be expressed as asum of harmoni signals; and beause the system is linear, the response wouldeventually be the sum of the responses to harmoni signals.In order to deal with the temporal derivation, it is useful to express thevariables within a omplex representation: ÆX(t; !) = ÆX(!)ei!t. ÆX(!) isthen the Fourier transform of ÆX(t):ÆX(t) = 12� Z ÆX(t; !)d!= 12� Z ÆX(!)ei!td!82



3.3 Dynami behaviorThe system of equations beomes:i! ÆNSQW(!) = ÆI(!)e � ÆPSQW(!)�P� �G0PSQW + 1� 0E �ÆNSQW(!) + FNSQW(!)i! ÆPSQW(!) = G0P SQW ÆNSQW(!) + FPSQW(!)Eventually, the linear system an be expressed in its matrix form: G0P SQW + 1� 0E + i! 1�P�G0P SQW i! !� ÆNSQW(!)ÆPSQW(!) � = � ÆI(!)e + FNSQW(!)FPSQW(!) �(3.23)with the solution:� ÆNSQW(!)ÆPSQW(!) � = 1�  i! � 1�PG0PSQW G0PSQW + 1� 0E + i! !� ÆI(!)e + FNSQW(!)FPSQW (!) �
☞ � is the transfer funtion matrix determinantThe left-hand-side term is the variable to be alulated; the enter matrix isthe transfer funtion matrix of the modulated laser struture; the right-hand-side term is the soure modulation term. It is lear from this equation that themodulation around an average value an either be expeted and enouraged inthe ase of diretly modulated lasers � ÆI(!)e � FX(!)�, or unwanted in the aseof self-established noise modulation �FX (!)� ÆI(!)e �.The response of the di�erent laser strutures to a ontrolled urrent mod-ulation will be studied in this setion, while we will fous on intensity noisealulations in the next setion.3.3.1 Single QW, single ative juntion (SQW)Let us �rst neglet the noise soure of modulation and only onsider the responseto a urrent modulation. Solving equation 3.23 the frequeny response an bewritten as : ÆPSQWÆI (!) = �Pe !2R(SQW)!2R(SQW) � !2 + 2i !�R(SQW)!2R(SQW) = G0P SQW�P�R(SQW) = 2� 0EG0P SQW� 0E + 1Aording to equation 3.22, the output power modulation writes:ÆSSQWÆI (!) = 12 �m�i + �m h�e !2R(SQW)!2R(SQW) � !2 + 2i !�R(SQW)When the arrier population is inreased in equation 3.20 the photon pop-ulation will inrease beause the two equations are oupled by the partile ex-hange stimulated emission term G0(N �N0)P . Meanwhile, an instantaneous83



3. \Component level" point of view: a omprehensive model of the integrated devieinrease in the photon population leads to a derease in the arrier population,as an be seen from equation 3.21. These two e�ets are ompensative, theiroupling implies a self-frequeny resonane. Therefore, it is not surprising to�nd a seond-order transfer funtion, with a resonane frequeny that an bederived from the intrinsi laser parameters.This response is omposed of the low frequeny response, the external on-version eÆieny from eletrons to photons �d (whih was of major interest inhapter 2 beause it is diretly proportional to the square root of the RF ele-tri gain of the opto-RF link), and of a frequeny dependent fator, the transferfuntion H(!) of the laser:ÆSSQWÆI (!) = �d(SQW)H(!) (3.24)�d(SQW) = 12 �m�i + �m h�eApart from the intrinsi modulation response, the inherent parasiti laseromplex impedane needs to be taken into aount to orretly determine theoverall frequeny response. This parasiti impedane inludes the ontat aswell as the juntion impedane and an be very ompliated to determine anddesribe. Here we onsider that the major e�et is a low-pass �lter behaviorindued by the series resistane RS and parallel apaitane Cparasit of the de-vie. We then simply multiply (in the Fourier domain) the transfer funtionof the laser with the parasiti �lter transfer funtion with a frequeny ut�parasit = RSCparasit:ÆSSQWÆI (!) = �d(SQW)H(!)Hparasit(!)= �d(SQW)H(!) 11 + j!�parasit3.3.2 Two QWs, single ative juntion (DQW)Following the derivation of the SQW ase, a di�erential-equation system, linearfor variables ÆN (1)DQW(t), ÆN (2)DQW(t) and ÆPDQW(t) an be derived. Following thederivation of the steady-state ase, if we set N (+)DQW(t) = N (1)DQW(t) +N (2)DQW(t),we obtain a two-variable di�erential equation system. Projeting the lineardi�erential system in the Fourier domain, we have: G0PDQW + 1� 0E + i! 1�P�G0PDQW i! ! ÆN (+)DQW(!)ÆPDQW(!) ! = � ÆI(!)e0 �The system is solved as previously:ÆPDQWÆI (!) = �Pe !2R(DQW)!2R(DQW) � !2 + 2i !�R(DQW)!2R(DQW) = G0PDQW�P�R(DQW) = 2� 0EG0PDQW� 0E + 184



3.3 Dynami behaviorAnd the output power modulation writes:ÆP(DQW)optÆI (!) = 12 �m�i + �m h�e !2R(DQW)!2R(DQW) � !2 + 2i !�R(DQW)The parasiti RC transfer funtion is derived in the same manner as in theSQW ase (�parasit = RSCparasit); the omplete frequeny response to a urrentmodulation is expressed as follows:ÆSDQWÆI (!) = �d(DQW)H(!)Hparasit(!)= �d(DQW)H(!) 11 + j!�parasitComparison to previous results:Within our approximations, the transfer funtion obtained is exatly the samefor SQW and DQW. Numerous publiations [23{25℄, inluding experimentalresults [24, 25℄ report on an enhaned modulation bandwidth for multiple-QWsstrutures as opposed to SQW. This inoherene is explained by the linear gainmodel we have deided to use to desribe the struture behavior. If we onsiderfor instane a logarithmi gain variation G = G0 ln(N=N0) [6, 7℄, the di�erentialgain �G�N dereases as the QWs are �lled with arriers. We have seen in theprevious setion that the arrier population at threshold dereases with theoverall number of QWs. As a onsequene, an inrease of the number of QWsimplies an inrease in the di�erential gain.Figure 3.7 desribes the inauray triggered by the approximation of thelinear gain.Figure 3.7 Comparison of the di�erential gain model whether the gain is as-sumed to follow a linear or logarithmi variation with the number of arrier
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3. \Component level" point of view: a omprehensive model of the integrated devie3.3.3 Two ative juntions, eah inluding a single QW(CQW)The ative juntions are eletrially onneted in series. The reyled arriers gothrough several layers of semiondutor before reahing the seond ative layer.The arriers therefore undergo some delay �tunnel while passing through theEsaki tunnel juntion. At high frequeny, this time delay might be suÆientto imply a shift in the phase of the optial signal modulation of the seondative juntion as ompared to the �rst ative juntion. The linearized oupleddi�erential equations system an be expressed as follows:ddt�ÆN (1)CQW(t)� = ÆI(t)e �G0�N (1)CQW �N0(SQW)�ÆPCQW(t)� �G0PCQW + 1� 0E �ÆN (1)CQW(t)ddt�ÆN (2)CQW(t)� = ÆI(t+ �tunnel)e �G0�N (2)CQW �N0(SQW)�ÆPCQW(t)� �G0PCQW + 1� 0E �ÆN (2)CQW(t)ddt�ÆPCQW(t)� = G0PCQW�ÆN (1)CQW(t) + ÆN (2)CQW(t)�Setting as well N (+)CQW = N (1)CQW +N (2)CQW, we obtain the two-variable linearequation system in the Fourier domain: G0PCQW + 1� 0E + i! 1�P�G0PCQW i! ! ÆN (+)CQW(!)ÆPCQW(!) ! = � ÆI(!)e �1 + ei!�tunnel�0 �The system is solved as previously:ÆPCQWÆI = �Pe !2R(CQW)!2R(CQW) � !2 + 2i !�R(CQW) �1 + ei!�tunnel�!2R(CQW) = G0PCQW�P�R(CQW) = 2� 0EG0PCQW� 0E + 1And the output power modulation writes:ÆSCQWÆI (!) = 12 �m�i + �m h�e !2R(CQW)!2R(CQW) � !2 + 2i !�R(CQW) �1 + ei!�tunnel�To this intrinsi frequeny response, we onvolute the parasiti frequenyresponse. Here the e�et an be more important sine the overall impedaneis greatly hanged as ompared to the SQW ase (as an be seen in hap-ter 2). For the resistive part, we need to add an additional tunnel resistane�RS(CQW) = RS(SQW) +Rtunnel�; for the apaitive part, the quantitative e�eton Cparasit(CQW) of asading juntions annot be easily foreseen, but it deserves86



3.3 Dynami behaviortaking into aount. We have :ÆSCQWÆI (!) = �d(CQW)H(!) �1 + ei!�tunnel�Hparasit(!)= �d(CQW)H(!) �1 + ej!�tunnel� 11 + i!�parasit
☞ �parasit = RS(CQW)Cparasit(CQW).Figure 3.8 ompares the frequeny response for SQW, DQW, and CQW atequal bias rate. The output power is almost the same in the di�erent ases.The results are normalized to the response of the SQW struture at frequenynull. The parameter values used for the numerial appliation are listed inappendix A, on page 197.Figure 3.8 Compared frequeny response harateristis for SQW, DQW, andCQW at equal bias rate.
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Comparison to previous resultsThe devies are ompared for equal bias rate (I = 2Ith). The slight bandwidthimprovement observed for DQW is explained by the slightly higher bias point.No RF bandwidth improvement an be expeted from asaded ative jun-tions. The delay introdued for arriers to go through the tunnel juntion, andthe inreased series resistane limit the modulation bandwidth, as omparedto the modulation bandwidth obtained for SQW and DQW by introduing alow-pass �lter additionnal fator to the frequeny response. At best, �tunnel issuÆiently small so that its inuene does not a�et too muh the frequenyresponse.In addition, the low frequeny response to modulation is inreased by afator �1 + ei!�tunnel�, whih is lose to 2 when ! is small (! ! 0), resultingin a 3 dB-improvement for the CQW struture at low frequeny. The e�et ofexternal di�erential eÆieny enhanement was already desribed in hapter 2,and mentioned in setion 3.2. The delay introdued by the tunnel proess limitsthis phenomenon for high-frequenies �namely, if ! & 1�tunnel�.87



3. \Component level" point of view: a omprehensive model of the integrated devie3.4 RIN alulationUnfortunately, there is no need to modulate the laser to obtain a high-frequenymodulation. Even with no intended modulation, the utuations of fundamentalparameters ourring in the laser struture indues an intensity (and also aphase) modulation of the optial signal. In this setion, we intend to alulatethis self-established noise modulation for bipolar asade laser and ompare itto the noise of standard lasers.3.4.1 Noise de�nitionsLet us onsider a laser struture urrent-biased above threshold. The light powerS (in Watts) of the laser beam utuates around its time-averaged value:S(t) = S + ÆS(t)The parameter used to haraterize the intensity noise behavior of a laserdevie is the relative intensity noise (RIN), usually expressed in dB, and de�nedas [26℄: RINtot def= ÆS(t)2 � ÆSshot(t)2S(t)2 (3.25)
☞ ÆSshot(t)2 is the mean square shot noise utuations [26℄. This term is added toensure that the RIN de�nition is white and not dependent of the attenuation ofthe optial signal. The signal might atually be attenuated before detetion fornoise measurements in order not to saturate the photodetetor.
☞ The Agrawal de�nition RINtot = ÆS(t)2S(t)2 is dependent on the attenuation [18, 27℄.Following Parseval's theorem, the time averaged square value of the u-tuations an be expressed in terms of the single-sided noise spetral density:ÆS(t)2 = Z 2��f0 WS(!)d!
☞ �f is the overall bandwidth of interestAording to the Wiener-Khinhin relations for stationary noise signals, thenoise spetral density is the Fourier transform of the self-orrelation funtion:WS(!) = Z ÆS(t)ÆS�(t� �)e�i!�d�Injeting this relation into equation 3.25 arries a severe drawbak: the noiseis integrated over the whole bandwidth of interest �f and is not dependent ofthe pulsation !. For narrow-band analog optial transmission, the noise spetraldistribution is a major onsideration sine all the data is arried at the viinityof a given RF frequeny.As a onsequene, we prefer expressing the spetrally dependent RIN (indB/Hz) and we de�ne it as:RIN(!) = R !+2�Æf! WS(!)d!2�ÆfS(t)2 � WshotS(t)288



3.4 RIN alulation
☞ Æf is the spetral resolution of the detetion system. It should be as small aspossible (ideally Æf ! 0).
☞ Wshot is the shot noise spetral density, assumed to be white by de�nition.When Æf is suÆiently small, WP (!) is onstant over Æf and the de�nitionsimpli�es to: RIN(!) def= WS(!)S(t)2 � WshotS(t)2 (3.26)
☞ SineWS(!) has the unit of (power)2.(Hz)�1, this de�nition of RIN is in (Hz)�1,and is usually expressed in (dB).(Hz)�1.To go further towards the RIN alulation, we need the spetral density ofthe output power noise WS(!).Using the Wiener-Khinhin relations, and for stationary, ergodi proesses,it an be proven (see for instane [6℄, Appendix XIII) that the spetral densityis related to the frequeny domain orrelation funtion by the expression:WS(!) = 12� Z hÆSSQW(!)ÆS�SQW(!0)id!0 (3.27)
☞ sine ÆX(!) is the Fourier transform of ÆX(t), it has the unit of (ÆX(t)).(seonds).
☞ Here hi denotes the statistis ensemble average, but is equivalent to time averagefor ergodi proesses.As a onsequene, all we need to alulate is the frequeny domain orrelationfuntion: hÆSSQW(!)ÆS�SQW(!0)i.3.4.2 Spetral density of the output power noiseWe take the SQW ase to derive ompletely the equations, but the spetraldensity of the output power noise an be obtained from any of the three matrixexpressions of the linear-oupled-equation system we found in the previous se-tion. Only the Langevin noise soures FX will di�er while onsidering di�erenton�gurations. In equation 3.20, the urrent modulation is set to zero:� ÆNSQWÆPSQW � =  G0P SQW + 1� 0E + i! 1�P�G0P SQW i! !�1� FNSQWFPSQW �The matrix alulation gives the following result, with notations from equa-tion 3.24 on page 84:ÆPSQW(!) = H(!)!2R "!2R�PFNSQW(!) + � 2�R + i!�FPSQW(!)#The output power utuations are given by equation 3.22 and reads:ÆSSQW(!) = �0 ÆPSQW(!) + FSSQW(!)
☞ Notie that FX(!) has no dimension, whereas FS(!) has the dimension of (en-ergy). 89



3. \Component level" point of view: a omprehensive model of the integrated devieWe multiply both hand-sides by ÆS�SQW(!0) and take the time-average. Theself-orrelation funtion for the output power writes:hÆSSQW(!)ÆS�SQW(!0)i = �20hÆPSQW(!)ÆP �SQW(!0)i+2<f�0hÆPSQW(!)F �SSQW(!0)ig (3.28)+hFSSSQWi (3.29)
☞ <fXg denotes the real part of the expression X.
☞ The Langevin noise fores are: hFXYSQWi = hFXSQW(!)F �YSQW(!0)i.We now alulate the di�erent terms of equation 3.29. The �rst term is theself-orrelation funtion of the photon population utuation. It writes:�20hÆPSQW(!)ÆP �SQW(!0)i = �20 jH(!)j2!4R(SQW)"�2P!4R(SQW)hFNNSQW i+4�P�R !2R(SQW)hFNPSQWi+ � 4�2R + !2�hFPPSQWi#The seond term desribes the ross-orrelation between the output utu-ations and the photon population. We �nd:2<f�0hÆPSQW(!)F �SSQW(!0)ig= 2<��0 H(!)!2R(SQW)�!2R(SQW)�P hFNSSQWi+ � 2�R + i!�hFPSSQWi��= 2�0 jH(!)j2!4R(SQW)<��(!2R � !2)� 2i !�R�� h!2R(SQW)�P hFNSSQW i+ � 2�R + i!�hFPSSQWii�= 2�0 jH(!)j2!2R(SQW)�!2R(SQW)�P hFNSSQWi+ 2�R hFPSSQWi � !2�P hFPSSQWi�The last term in equation 3.29 is harateristi of the partition noise at theoutput mirror.We ombine these expressions into a single one and write the orrelationfuntion of the output power utuations as:hÆSSQW(!)ÆS�SQW(!0)i = �20 jH(!)j2!4R(SQW) �a01 + a02!2	+ hFSSSQWiwith:a01 = �2P!4R(SQW)hFNNSQWi+ 4�P�R!2R(SQW)hFNPSQWi+ 4 1�2R hFPPSQWi+ 2 1�0 �P!4R(SQW)hFNSSQW i+ 1�0 2�R!2R(SQW)hFPSSQWia02 = hFPPSQWi+ 2 1�0 �P!2RhFPSSQWi90



3.4 RIN alulationThe next step is to integrate over the variable !0 and to divide by 2�, inorder to obtain, aordingly to equation 3.27, the expression of the output powernoise spetral density :WSSQW = �20 jH(!)j2!4R(SQW) �a1 + a2!2	+DSS (3.30)with:a1 = �2P!4R(SQW)DNN + 4�P�R !2R(SQW)DNP + 4 1�2RDPP+ 2 1�0 �P!4R(SQW)DNS + 1�0 2�R!2R(SQW)DPSa2 = DPP + 2 1�0 �P!2RDPS
☞ DXY = 12� R hFX(!)F �Y(!0)id!0 are the Langevin di�usion oeÆients .
☞ DXY has the dimension of (power)2.(Hz)�1; DXS has the dimension of (power);and DSS has the dimension of (Hz).Injeting this expression into equation 3.26, we eventually get the laser RINexpression:RINSQW(!) = WSSQW(!)S2SQW � WshotSQWS2SQW= �20S2SQW jH(!)j2!4R(SQW) �a1 + a2!2	+ DSS �WshotSQWS2SQWWe will see, in the following paragraph, that DSS and WshotSQW exatlyompensate. We an therefore write the expression of the relative intensityoutput power noise:RINSQW(!) = �20S2SQW jH(!)j2!4R(SQW) �a1 + a2!2	 (3.31)Similarly to the frequeny response (.f. equation 3.24), the RIN follows a(a1 + a2!2)jH(!)j2 dependene. It is not surprising to �nd that the naturalresonane of the arrier-photon system ampli�es any existing noise near thatresonane frequeny. Away from this resonane however, the laser \quiets".For opto-RF appliation requiring low-noise laser soure (suh as for instaneexternal modulation links), it might be interesting to design the laser so thatthe resonane is far from the appliation bandwidth. Studies still under devel-opment propose lasers with either resonane frequeny pushed forward to highfrequenies for low-frequeny appliations, or resonane frequeny maintainedat a very low frequeny for high-frequeny RF appliations [28℄. It is not asodd as it may seem to design a 20 GHz diretly-modulated laser for opto-RFappliations around 2 GHz!In order to estimate the magnitude of the intensity noise, we need to alulatethe Langevin di�usion oeÆients DXY. 91



3. \Component level" point of view: a omprehensive model of the integrated devie3.4.3 Deriving the Langevin noise di�usion oeÆientsThe Langevin noise soures FX(t) do not have a physial reality. They are justa mathematial artifat to alulate the noise via the Langevin method . Theonly parameters that have a physial reality are preisely the Langevin di�usionoeÆients de�ned by: DXY def= 12� Z hFX(!)F �Y(!0)id!0The Langevin approah desribes the intensity noise exlusively as a result ofthe inherent shot noise of every partile energy transfer event between partilereservoirs [6, 29, 30℄: leakage, reombinations, absorption, and photon ow outof the laser avity. For eah event we an de�ne and estimate the magnitudeof the di�usion oeÆient assoiated. Sine eah event is onsidered as havinga shot noise harater, the di�usion oeÆient is equal to the average numberof event ourring per time unit. If the injetion rate for SQW is Ie arrierper seond, the di�usion oeÆient assoiated to this event an be written as:DI = Ie . The di�usion oeÆient for the other events a�eting the arrierpopulation reservoir are alulated the same way (f. equations 3.1 and 3.2):� Non resonant reombination (non-radiative or spontaneous),DNR = NSQW�E
☞ We take here the linear approximation to reombination, as for the alu-lation of steady-state parameters.� Resonant reombination, DR = G0NSQW� Resonant absorption, DA = G0N0These elementary noises are not orrelated. The Langevin noise di�usionoeÆients assoiated to the onsidered reservoir is then the sum of the di�usionfators of the event a�eting the reservoir:DNNSQW =XXaffet:reservoirDX = Ie + NSQW�E +G0(NSQW +N0)The di�usion oeÆient for the photon population is alulated as well:DPPSQW = G0(NSQW +N0) + �NSQW�E + P SQW�PThere is nevertheless some orrelation between the elementary noise of di�er-ent reservoirs. For instane, a photon reated by stimulated emission removesa arrier pair from the arrier reservoir. These negative-orrelations betweenreservoirs are taken into aount with the ross-reservoir Langevin noise di�u-sion oeÆients whih are equal to the rate of the orrelated events between theonsidered reservoirs with a minus sign:DNPSQW = DPNSQW = �XXbetw:reservoirsDX = �G0(NSQW +N0)This negative-orrelation strength between the arrier and the photon reser-voirs is an intrinsi stabilization response of the laser. It is therefore relevant tonotie that it redues the overall RIN.92



3.4 RIN alulation3.4.3.1 Output power noiseThe di�usion oeÆient involving partiles are di�erent for the di�erent study-ases. However, we have postulated that the optial modal distribution insidethe laser avity is the same for all three ases. Therefore the di�usion oeÆientinvolving the output power will be the same and an be alulated here.We onsider that the noise reated at the output faet is random-killingpartition noise. We �rst onvert the output power noise soure FS(!) to numberper time unit, and apply the same method of alulation previously used for thereservoirs' di�usion oeÆients [6℄:1(h�)2DSS = Sh�DSS = h�S
☞ We �nd the expression of the shot noise. It proves that even if the photonpopulation was perfetly onstant in the laser avity, the output light beamwould always arry some noise. In typial use of lasers, the output power noiseoor annot go below the fundamental limit of shot noise.
☞ Even if shot noise is the oor limit for the Agrawal de�nition of RIN [18℄, theShimpe de�nition [26℄ subtrats this term to evaluate the laser RIN. As wealready foresaw in the previous setion, DSS exatly anels out W shotSQW,leading to the RIN expression of equation 3.31.We also derive the di�usion oeÆients aounting for the ross-orrelationbetween the output power and the partiles population. No diret orrelationexists in our model between the arrier population and the output power:DNS = 0For the photon population however, we write:1h�DPS = � Sh�DSS = �S
☞ This negative-orrelation term redues the laser noise. By a areful setup, it ispossible to make use of this anti-orrelation term to redue the laser noise evenbelow shot noise (squeezing) [4℄.3.4.3.2 Comparison of the three asesTable 3.1 summarizes the Langevin di�usion oeÆients alulated with thepreviously desribed method.Figure 3.9 plots the evolution with the RF frequeny of the laser RIN as al-ulated with equation 3.31. It also displays the major ontributions of the RINwhih omes from the term 4 �P�R!2R(SQW)DNP+4 1�2RDPP in a1 of equation 3.30 atlow frequeny, and DPP in a2 at high frequeny. The output power noise mainlyarises from photon noise in our struture. The oeÆients used for alulationare listed in annex A. 93



3. \Component level" point of view: a omprehensive model of the integrated devieFigure 3.9 Evolution with ! of the laser RIN and its main omponents.
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For the DQW ase, we set (as in the previous setions):N (+)DQW(t) = N (1)DQW(t) +N (2)DQW(t)We sum the two di�erential equations desribing the arrier populations evolu-tion, and therefore we write the Langevin omposed noise soure:FN(+)DQW(t) = FN(1)DQW(t) + FN(2)DQW(t)For a given urrent soure, when a arrier reombines in the �rst QW, itis not available for a reombination in the seond QW. It therefore exists aorrelation between reombinations in the �rst and in the seond QW of theDQW struture. to aount for this orrelation, the simplest way to derive theLangevin di�usion oeÆients is to onsider the two arrier reservoirs as a singlereservoir. Figure 3.10 shows the shemati reservoir model used to derive thenoise equations for DQW.Figure 3.10 \Reservoir" model used to derive the noise di�usion oeÆientsfor DQW.
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3.4 RIN alulationThe reombination noise di�usion oeÆients are alulated the same way:DNN(+)DQW = XXaffet:reservoirDX= I2e + I2e + N (1)DQW +N (2)DQW�E +G0(N (1)DQW +N0)+G0(N (2)DQW +N0)DPN(+)DQW = �G0(N (1)DQW +N0)�G0(N (2)DQW +N0)DPPDQW = G0(N (1)DQW +N0) +G0(N (2)DQW +N0) + �N (1)DQW +N (2)DQW�E + PDQW�PThe results of alulation are given in table 3.1.For the CQW-ase, a arrier reombining in the �rst ative region will almostdiretly be available for reombination in the seond ative region. If we onsiderthat the arrier reservoirs onstitute a single reservoir, we an write that photonsare reated in the �rst ative juntion without loss of arriers available in thereservoir. The noise di�usion oeÆients yields to:DNN(+)CQW = Ie + N (2)CQW�E +G0(N (2)CQW +N0)DPN(+)CQW = �G0(N (2)DQW +N0)DPPCQW = G0(N (1)CQW +N0) +G0(N (2)CQW +N0)+ �N (1)CQW +N (2)CQW�E + PCQW�P
☞ The reombinations in the �rst ative region and the urrent injetion fromthe �rst to the seond ative region are not taken into aount for alulatingDNN(+)CQW
☞ The radiative reombinations in the �rst ative region do not deplete the ar-rier reservoir N (1)CQW + N (2)CQW. Therefore they are not taken into aount foralulating DPN(+)CQWCasading several ative regions limits the noise originating from arrier shotnoise. The noise ompensation due to the emission-depletion oupled meha-nisms is also dereased. The noise originating from photon shot noise howeverremains unhanged.The Langevin di�usion oeÆients for CQW are summed up in table 3.1.Figure 3.11 ompares the RIN estimation for the three on�gurations at equalbias rate (I = 2Ith). 95



3. \Component level" point of view: a omprehensive model of the integrated devieLangevin noise fores Expressionsone QW, one ative juntion (SQW)DNNSQW Ie + NSQW�E + (2nsp � 1)PSQW�PDNPSQW �(2nsp � 1)PSQW�P � �NSQW�EDPPSQW 2nspPSQW�P + �NSQW�E�with nsp = NSQWNSQW�N0�two QWs, one ative juntion (DQW)DNN(+)DQW Ie + N (+)DQW�E + (2nsp(DQW) � 1)PDQW�PDN(+)PDQW �(2nsp(DQW) � 1)PDQW�P � �N (+)DQW�EDPPDQW 2nsp(DQW)PDQW�P + �N (+)DQW�E�with nsp(DQW) = N(+)DQWN(+)DQW�2N0�two ative juntionsone QW per ative juntion (CQW)DNN(+)CQW Ie + N (2)CQW�E + (2nsp(CQW) � 1)PCQW2�PDN(+)PCQW �(2nsp(CQW) � 1)PCQW2�P � �N (2)CQW�EDPPCQW 2nsp(CQW)PCQW�P + �N (+)CQW�E�with nsp(CQW) = N(+)CQWN(+)CQW�2N0�Table 3.1: Summary of the di�usion oeÆient estimated with the shot noiseLangevin method. nsp is the population inversion fator.Figure 3.11 Compared RIN harateristis for SQW, DQW, and CQW forequal bias rate.
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3.5 Conlusion3.4.3.3 Conlusion on the possible RIN improvementThe RIN harateristis are displayed for the same bias rate and thus at almostequal photon population in the avity. As seen from �gure 3.11, the majorontribution of the RIN omes from the photon noise. This feature is also truefor asaded devies. In opposition to what was predited and experimentallyveri�ed in hapter 2 with disrete lasers, the RIN is not expeted to be drasti-ally ameliorated by asading monolithially laser juntions. Integrating ativeregions in the same optial mode therefore anihilate the expeted advantages ofreduing the RIN.Comparing now on �gure 3.12 the RIN harateristis at a given urrent(I = 60 mA), sine the photon population is higher for the CQW ase (f.�gure 3.6), the RIN dereases aordingly.Figure 3.12 Compared RIN harateristis for SQW, DQW, and CQW forequal bias urrent.
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In order to play its role of RIN reduer, aording to the results of hapter 2,the asaded devie needs to primarily deliver a higher output optial power.This result appears in ontradition with other (theoretial) results from theliterature [2℄. In fat the bipolar asade lasers studied in this artile from theMIT have separate optial avities, one avity per ative region. The ompari-son is besides arried out with a onstant photon density in the laser avity(ies).This omparison results obviously in an inreased optial output power (in om-parison with single-ative-region lasers), and thus a dereased amplitude noise,in agreement with our model.3.5 ConlusionIn this hapter we have used the rate equations formalism to build a ompre-hensive, but still aurate model for the simulation of the steady-state, as wellas the dynami expeted behavior of single-transverse mode bipolar asadelasers. In order to disriminate the improvement due to the use of several QWsand the improvement due to the asading of ative juntions, we have om-pared in a single formalism three strutures: one single-QW struture (SQW),97



3. \Component level" point of view: a omprehensive model of the integrated devieone double-QW struture (DQW), and one double-ative-juntion single-QWstruture (CQW).In ontinuity with hapter 2, we �nd that the steady-state di�erential ef-�ieny is higher in the ase of asaded ative regions (CQW), as omparedto both other ases (SQW and DQW). In the spei� ase of single-transverse-mode strutures, the urrent threshold is expeted to derease almost linearlywith the number of asaded juntions.The integrated devie pushes bak the bandwidth limitations disussed inthe ase of disrete omponents desribed in hapter 2. The overall bandwidthis expeted to remain lose to the bandwidth of a single-ative-region laser withomparable design.We eventually investigated over the RIN harateristis expeted from single-transverse-mode bipolar asade. Considering that the major RIN ontributionomes from the photon noise, the RIN is not expeted to derease as in the aseof disrete-laser beam ombining, unless the overall output power is inreased.These expetations have to be validated by experimentation. In order topave the way for a devie realization, we desribe in the following hapter, aself-onsistent, \eletroni level" model for the design of bipolar asade lasers.
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Chapter 4Bipolar asade lasermodeling at an \eletronilevel" point of view

4.1 IntrodutionIn hapter 2, we have shown the possible system harateristi improvementsthat we aim to obtain by asading several lasers. In hapter 3, we on�rmed thepossible link gain improvement, but realized that the equivalent RIN is likely toremain unhanged ompared to a standard single-ative-juntion laser, unlesswe manage to inrease the devie output power. In this hapter, we go down103



4. Bipolar asade laser modeling at an \eletroni level" point of viewone step further into the devie and present the model that we have developedfor designing BCL.The model is derived from a previously-existing transport model that is �rstdesribed briey. Then we present the modi�ations undertaken to aount forthe devie spei�ity: materials lattie-mathed to InP, the use of the Fermi-Dira statistis, and the implementation of several quantum wells. Finally, wederive the alulation of the tunnel-urrent model that we have implemented toomplete the self-onsistent transport model.4.2 Transport model used in simulations4.2.1 Formerly-existing transport modelFor the eletroni simulation of the bipolar asade struture, we have used aformerly existing transport model desribed with more details in [1℄ and [2℄.The model was developed at Thales Researh & Tehnology to simulate thebehaviour of high power laser diodes. More preisely, its use was limited tothe modeling of single-quantum-well diodes, grown on GaAs materials and foran emission wavelength around 980 nm. We therefore performed the neessarymodi�ations in order to aount for the behaviour of bipolar asade lasers(whih implies several quantum wells: at least one per ative region), emittingaround 1.55 �m (materials lattie-mathed to InP).The formerly-existing model is fed by several self-onsistent alulation mod-ules:� A data base gives the material arateristis as a funtion of their hemialomposition.� A Shr�odinger equation solver (CALBAND) predits the quantum-wellharateristis: anisotropi alulation of the dispersion diagram of everyQW subband, and the assoiated density of states. This module, desribedin detail in [2℄, also takes into aount the heavy-hole and light-hole mixingthat ours for k parallel to the interfaes.� A Maxwell equation solver (CINEMA) alulates the modal optial distri-bution (and the e�etive refrative index of eah mode) in the strutureas a funtion of the refrative index of every semiondutor layer. Infor-mation on this module an be found in [3℄.� The main transport software (HETDIO) uses the output of the di�erentalulation modules to estimate eletroni transport and eletro-opti gainin the QWs and displays as an output the band diagram of the strutureand the stati harateristis of the laser (optial power, voltage, urrent,arrier densities, et.).104



4.2 Transport model used in simulationsFigure 4.1 Desription of the di�erent elements onstituting the transportprogram modi�ed and used for BCL modeling.
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4.2.2 Physial modelThe arrier transport is based upon a drift-di�usion model desribed in detail(inluding the numerial implementation) in [1℄. The �ve onstitutive equationsare the following:��!r � (��!r	) = q(p� n+D) (4.1)�!Jn = e�e(UT�!rn� n�!r [	 + �ne � 32UT ln(me)℄) (4.2)�!Jp = �e�h(UT�!rp+ p�!r [	 + �pe � 32UT ln(mh)℄) (4.3)�!r � �!Jn = eR(n; p) (4.4)�!r � �!Jp = �eR(n; p) (4.5)
☞ � is the loal dieletri onstant,
☞ e is the eletroni harge,
☞ D is the loal net doping,
☞ �e;h is the eletroni, hole mobility,
☞ UT = kBTe is the thermal voltage, with kB the Boltzmann onstant and T thetemperature,
☞ me;h is the e�etive eletron, hole density of states mass,
☞ R(n; p) stands for a general reombination oeÆient, similar to the one de�nedin hapter 3.The �rst equation 4.1 is known as the Poisson equation beause it is derivedfrom the work of Sim�eon Denis Poisson (f. �gure 4.2-(a)). It is an eletromag-neti equation whih asserts that the eletrostati potential is determined bythe eletroni harge distribution. Equations 4.2 and 4.3 are the expressionof the urrent in the drift-di�usion model and ome from Ludwig Boltzmann's105



4. Bipolar asade laser modeling at an \eletroni level" point of viewtransport equation (f. �gure 4.2-(b)). The third group of equations (4.4 and4.5) are the equations of onservation and ensure onservation of the number ofpartiles, taking into aount generation and reombination.Figure 4.2 Portraits of important sientists of the past.

(a) Sim�eon Denis Poisson (1781-1840) (b) The statue on Boltzmann'stomb in Vienna (1844-1906)4.2.3 Numerial implementationThe unknown omponents to be alulated by the model are the eletrostatipotential 	, the arrier densities n and p, and the urrent arried by eah arriertype �!Jn and �!Jp, for eah node of the numerial mesh.These equations need to be ful�lled for eah of the nodes of the numerialmesh. The resulting system of equations is written as:f(Xt) = (fi(Xt)) = 0
☞ Xt is the (5:N)-olumn vetor of unknown variables to be determined.At eah iteration t of the alulation, we hek whether the system of equa-tions is lose to its solution: f(Xt) ?= 0If the set of variables is not the solution, we modify the set of variables by anamount ÆXt alulated by a Newton method sheme:Jf � ÆXt = f(Xt) (4.6)ÆXt = Xt+1 �Xt = J�1f � f(Xt)106



4.2 Transport model used in simulationsWe then hek the onvergene with f(Xt+1) ?= 0. Jf is the Jaobian matrix ofthe funtion f . It is omposed of the partial derivatives of eah funtion fi(Xt)over eah individual variable: Jf = (J i;jf )8i; j 2 [[1; 5N ℄℄; J i;jf = �fi�Xjt ����Xt
☞ Xjt is one of the variables  , n, p, �!Jn, or �!Jp, for one of the nodes of the numerialmesh.
☞ The partial derivatives are usually alulated analytially, exept for the nodesorresponding to the QWs or to the tunnel juntions, where a numerial alu-lation was neessary for the partial derivatives over the variables n, p, �!Jn, and�!Jp.Equation 4.6 is shematially represented in �gure 4.3. Eah line of thematrix equation stands for one of the equations of the system (e.g. the �rstline orresponds to the Poisson law for the �rst node), whereas eah olumn isrelated to one variable (e.g. the �rst olumn orresponds to  (x1)).Figure 4.3 Shematial desription of the Newton method used for fast on-vergene.
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For all the lassial nodes (exluding the QW-nodes, and the tunnel-juntion-nodes whih will be treated afterwards), the system of equation has a loal be-havior: the partial derivatives of the node i equal to zero for variables belongingto the nodes before i � 1, and after i + 1. The resulting Jaobian matrix is atri-diagonal blok matrix.Convergene is obtained by solving the linear system of equations, at eahalulation step. 107



4. Bipolar asade laser modeling at an \eletroni level" point of view4.3 Modi�ations for the modeling of laser diodesomposed of materials lattie-mathed to InP4.3.1 Modi�ations of the data base entriesIn order to simulate the transport behavior of InP-based laser strutures, wehave ompleted the database for materials (In1�xGaxAsyP1�y, and In1�xGaxAs)lattie-mathed to InP. The alloy is lattie-mathed to InP if the following re-lationship is observed: x = 0:189y0:4184� 0:013y
☞ This relation gives x = 0:53 for the ternary alloy lattie-mathed to InP.In this setion we sum up the parameters found in the literature and im-plemented in the database. The expressions for alulating the parameters aredesribed in the following paragraphs whereas table 4.1 ontains the parametersfound in the literature.4.3.1.1 E�etive massesThe e�etive masses (both for ondution band and valene band) are alu-lated by a Vegard law on the binary data provided in table 4.1. The LuttingeroeÆients for the valene band transport behavior are then given by:1 = 12  1m�lh + 1m�hhh100i!2 = 14  1m�lh � 1m�hhh100i!3 = 14  1m�lh + 1m�hhh100i � 2m�hhh111i!Parameter InP InAs GaP GaAs In0:53Ga0:47Asm�e 0.077 [4, 5℄ 0.02[4℄ 0.15 [6℄ 0.067[1℄ 0.037m�lh 0.12 [4, 5℄ 0.026[4℄ 0.16 [4, 6℄ 0.09 [1℄m�hhh100i 0.56 [4℄ 0.16 [4℄ 0.41[6℄ 0.377[1℄m�hhh111i 0.6[4℄ 0.12[4℄ 0.67[4℄ 0.952[1℄Eg (eV) 1.34 0.34 2.76 (in the�-valley) 1.42 0.75 [4℄�E (eV) -0.37 0.16 -0.75 0 -0.60�n (m2/V/s) 0.5 1.1 n.d. 0.82 1.1�p (m2/V/s) 0.015 n.d. n.d. 0.038 0.015ne� 3.1694 3.638 3.057 3.3769 3.5235� 12.6[4℄ 15.2[4℄ 11.1 [4℄ 13.18[4℄ 14.22Table 4.1: Binary parameters found in the literature or parameters given by thedatabase (when no itation is indiated) used for alulating the parameters ofIn1�xGaxAsyP1�y lattie-mathed to InP108



4.3 Modi�ations for the modeling of laser diodes omposed of materials lattie-mathed toInP4.3.1.2 Band-gap energyThe InP band-gap energy is �rst alulated as a funtion of the temperature,with the expression [4℄:Eg(InP) = 1:4236� 4:5� 10�4T 2207+ TWe then use the Vegard law, improved by the use of bowing parameters inorder to �t in addition to the ternary alloys, the following band-gap energies [1℄:1. Eg(GaAs0:5P0:5) = 2:02 eV (in the �-valley)2. Eg(Ga0:5In0:5As) = 0:78 eV3. Eg(Ga0:52In0:48As) = 0:80 eV4. Eg(In0:5Ga0:5P) = 1:77 eVIn order to prevent disontinuities in the gap energy of InGaAs materials,we rede�ne the gap energy alulation using a bowing parameter to �t the gapof In0:53Ga0:47As:Eg(In1�xGaxAs) = Eg(InAs)� (1� x) +Eg(GaAs)� x+ bx(1� x)
☞ The bowing parameter b equals -0.4 in order to �t Eg(In0:53Ga0:47As) = 0:75 eV.4.3.1.3 Band o�setFor alulating the ondution band o�sets �E, the assoiative rule for het-erojuntions is assumed and the referene material of the program is GaAs.In addition, the band-gap energy di�erene between InP and lattie-mathedInGaAs is suh that �E = 0:38 �Eg [5℄. The band o�set for InGaAsP lattie-mathed to InP is then given by:�E(In1�xGaxAsyP1�y) = �E(InP)+0:38��Eg(InP)�Eg(In1�xGaxAsyP1�y)	
☞ �E(InP) is listed in table 4.1.4.3.1.4 Eletron mobilityThe eletron mobility is alulated for InP, as a funtion of the dopant onen-tration following a relation extrapolated from data found in [7℄:For InP, �n(Na; Nd) = 0:5� 4� 10�24(Na +Nd)
☞ �n is expressed in m2/(V.s)
☞ Na;d are in atoms.m�3The eletron mobility of InGaAsP(x,y) is then alulated with a linear in-terpolation between InP and the lattie-mathed ternary alloy:�n(In1�xGaxAsyP1�y) = (1� y)�n(InP) + y�n(In0:53Ga0:47As)The eletron mobility supposedly does not vary with the eletri �eld.109



4. Bipolar asade laser modeling at an \eletroni level" point of view4.3.1.5 Hole mobilityThe hole mobility supposed onstant and equal to the hole mobility in InP forevery lattie-mathed alloy. As for the eletron mobility, the hole mobility issupposedly not dependent on the eletri �eld.4.3.1.6 Refrative indexThe refrative index is obtained in our simulation by a method desribed byAfromowitz in 1974 [8℄:nAfromowitz =s1 + EdE0 + EdE2�E30 + EdE4�2E30(E20 �E2g ) + ln ����2E20 � E2g �E2�E2g �E2� ����
☞ Eg is the band-gap energy already disussed
☞ E� = h� is the energy of one photon of the lasing mode, with h the Plankonstant and � the frequeny of the eletri �eld osillation.The empirial alulation uses several parameters that have been disussedby Broberg [9℄ for InGaAsP lattie-mathed to InP:E0 = 0:595x2(1� y) + 1:626xy � 1:891y+ 0:524x+ 3:391Ed = (12:36x� 12:71)y+ 7:54x+ 28:914.3.1.7 Dieletri onstantWe use the Vegard law on the binary alloy parameters presented in table 4.1.4.3.2 Inuene of the Auger reombination inreaseAs already explained in hapter 3, the Auger reombination proess aquiresan inreasing importane as the materials' band-gaps are dereased. For GaAs-based QW lasers, the loal Auger oeÆient lies typially around CAuger (GaAs) �3:5 � 10�30 m6.s�1 [10℄. For InP-based omponents, Auger reombinationsdemonstrate a oeÆient of the order of CAuger (InP) � 5� 10�28 m6.s�1 [11{14℄. This kind of reombination is not negligible anymore in the QWs and wetherefore performed the neessary numerial implementation modi�ations byadding one parallel reombination urrent soure at the QW-nodes.4.4 From the Boltzmann statistis to the Fermi-Dira statistis4.4.1 Physial modelThe strutures studied in this thesis may inlude highly doped layers. For in-stane the tunnel juntions onsist of a highly-doped n++-p++ interfae. Somematerials might even be degenerate. The Boltzmann statistis is not suÆientlyaurate in this ase and strongly overestimates the arrier population for thesame quasi-Fermi-level. For a reliable predition of the arrier population dis-tribution, we use the Fermi-Dira statistis instead:n = NF 12 (�E �EFkT ) (4.7)110



4.4 From the Boltzmann statistis to the Fermi-Dira statistisFigure 4.4 presents the omparison between the Fermi-Dira and the Boltz-mann statistis for highly-doped materials. The di�erene between the Fermi-level EF and the ondution band energy E is plotted as a funtion of theeletron density n divided by the e�etive density of states N.Figure 4.4 Comparison between the Fermi-Dira and the Boltzmann statistisfor highly-doped materials.
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4.4.2 Numerial implementation: modi�ation of the Shar-fetter & Gummel shemeThe formerly-existing transport model uses a double mesh: the �rst mesh (de-�ned by one set of nodes xi, i 2 [[1; N ℄℄) is used for the eletrostati potential 	,and the arrier densities n and p. The seond mesh is dediated to the urrentvalues (�!Jn and �!Jp), and eah node xi+ 12 is situated in between two nodes of the�rst mesh, at xi+xi+12 .On the one hand the eletrostati potential 	, and the urrent terms (�!Jnand �!Jp) vary \slowly", i.e. within a few �m. On the other hand, the arrierdensity may drastially vary in a few tenth of �Angstr�om, beause of the abruptpro�le of doping onentrations. The urrent equations (equations 4.2 and 4.3)subtrat two quikly varying expressions for alulating a slowly varying pa-rameter. This may ause numerial onvergene problems if the equations areimplemented with no speial are. Sharfetter & Gummel introdued in 1969a more onvenient and more robust sheme of implementation [15℄. In thissheme, we multiply the quikly varying variables8<: n(u) = NF1=2(u)p(u) = NvF1=2(u)by the more slowly varying variable z(u) = F1=2(u)e�u.If the material is not degenerate, the Boltzmann statistis applies and theslowly varying variable is almost unity:z(u) � 1 111



4. Bipolar asade laser modeling at an \eletroni level" point of viewIn the ase of Fermi-Dira statistis, we modify the Sharfetter & Gummelsheme whih beomes:�ziJn = e~�nz(hui)�N(xi+1)eui+1B�En(xi+1)�xiUT ��N(xi)euiB��En(xi+1)�xiUT ���ziJp = �e~�pz(hui)�Nv(xi+1)eui+1B��Ep(xi+1)�xiUT ��Nv(xi)euiB�Ep(xi+1)�xiUT ��The notations are very lose to those used in [1℄:�zi = z (u(xi+1))� z (u(xi))En(xN+1)�xi =  (xi+1)�  (xi) + �n(xi+1)e � �n(xi)e�32UT [lnme(xi+1)� lnme(xi)℄Ep(xi+1)�xi =  (xi+1)�  (xi) + �p(xi+1)e � �p(xi)e�32UT [lnmh(xi+1)� lnmh(xi)℄B(y) = yey � 1hui = u(xi) + u(xi+1)2~�n;p = 2�n;p(xi+1)�n;p(xi)�n;p(xi) + �n;p(xi+1)4.5 Modi�ations for the modeling of multi-quantum-well laser diodes4.5.1 Numerial implementationFor one-QW strutures, the alulation of the unknown omponents of one node(i 2 [[1; N ℄℄) involves only the omponents of two adjaent nodes (i+1 and i�1).The interation between the di�erent nodes is \loal". The matrix redues to atri-diagonal blok matrix. We then use well-known and optimized methods forsolving a salar tri-diagonal matrix; the salar inversion is replaed by (5� 5)-blok-matrix inversions.For MQW strutures however, an optial oupling between the di�erent QW-nodes appears. For eah QW, the transport model (HETDIO) uses the loalarrier density, �lls the subbands given by the Shr�odinger equation solver,predits the set of possible radiative reombinations, and thereafter alulatesfor eah QW i the spetral distribution of the loal optial gain gL� (QWi) (weuse the notations of [1℄, L stands for \linear", and � desribes the spetraldependene of the loal gain). Its alulation is desribed with great detailsin [1℄. We want just to point out here that it relies on the whole set of parametersalulated by the Shr�odinger equation solver (dispersion oeÆients for everysubband, matrix element for eah transition), and not only on a user-adjustableparameter as it is often the ase in other devie modeling programs [16℄.112



4.5 Modi�ations for the modeling of multi-quantum-well laser diodesFigure 4.5 Shematial desription of the numerial treatment of multiple-quantum-well strutures.
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☞ All of them are preisely de�ned in [1℄.One we have alulated this \global" parameter, we alulate the reombi-nation urrent due to stimulated emission for eah QW. The total reombinationurrent in one QW is the sum of the \loally"-alulated spontaneous emissionand non-radiative emission reombination urrent, and the stimulated emissionurrent: JQWi = eX� Cn g�(PQi)�QWiS� + eRspont(PQi) + Jnr(PQi)
☞ Jnr(PQi) is the non-radiative reombination urrent.
☞ The �rst term is assoiated to the stimulated emission and needs a \global"alulation.
☞ The last two terms are \loally" alulated. 113



4. Bipolar asade laser modeling at an \eletroni level" point of viewWe see from this mehanism that an inrease of the arrier density in one QWwill inuene not only its own reombination urrent, but also the reombinationurrents of the other QWs. This non-negligible, non-loal inuene needs to betaken into aount and triggers non-tri-diagonal terms in the Jaobian matrix.The non-diagonal terms only appear in the onservation equations at the QW-nodes whih beome:Jn(xNQWi+ 12 )� Jn(xNQWi� 12 ) = e�xNQWi +�xNQWi+12 �R(n(xNQWi ); p(xNQWi )) +RQWi	Jp(xNQWi+ 12 )� Jp(xNQWi� 12 ) = �e�xNQWi +�xNQWi+12 �R(n(xNQWi ); p(xNQWi )) +RQWi	The reombination urrent RQWi writes:RQWi = �X �JQWi�nQWj4nQWj �X �JQWi�pQWj4pQWj (4.8)All the terms with i 6= j are non-tri-diagonal.The method of resolution previously used did not allow for non-tri-diagonalterms. Sine the non-tri-diagonal terms are few ompared to the number ofnodes, we have used a perturbative method using the Woodbury formula [17℄,onsidering the non-tri-diagonal terms as the perturbation. The problem anbe written as: Jf � Æxt = (A+�) � Æxt = b (4.9)
☞ A is the (N � N)-tri-diagonal-(5 � 5)-blok Jaobian matrix of the problemwithout the non-diagonal terms,
☞ Æxt is the (5N)-olumn-vetor of unknown omponents that needs to be alu-lated,
☞ b = f(xt) is the seond member of the linear equation,
☞ � is the (5N � 5N)-non-diagonal matrix ontaining the perturbation. � = 0exept for a limited number P of terms whih onstitute the perturbation.If there are P non-diagonal perturbative elements, � an be written as:� = PXm=1um � vtm
☞ um and vm are (5N)-olumn vetors. um; vm = 0 exept for one element, whihposition in um and vm determines the position of the non-diagonal element inthe perturbation matrix �.The perturbation matrix an also be expressed as:� = U � V t
☞ U and V are the (5N �P )-matries omposed of the P olumn vetors um andvm. 114



4.5 Modi�ations for the modeling of multi-quantum-well laser diodesThe Woodbury formula then asserts that:(A+ U � V t)�1 = A�1 � [A�1 � U � (1 + V t �A�1 � U)�1 � V t � A�1℄This method replaes the very heavy inversion of a (5N � 5N)-matrix, byan inversion of the tri-diagonal-blok matrix and the inversion of a very small(P � P )-matrix (1 + V t �A�1 � U).Beause A�1 is not available for storage, we �rst solve the P auxiliary prob-lems: A � z1 = u1A � z2 = u2� � �A � zP = uP
☞ zm are (5N)-olumn vetors.We de�ne the matrix H by: H = 1 + V t:Z
☞ H is therefore a (P � P )-matrix.
☞ The (5N � P )-matrix Z is onstituted by the olumn vetors zm.We then solve the unperturbed problem:A � y = bAnd the solution is given by:Æxt = y � Z � (H�1 � (V t � y))For our non-diagonal perturbation, P equals the sum of the number of QWsand the number of tunnel juntions.4.5.2 Example of simulationFigure 4.6 displays the results found for the simulation of a MQW-laser by theomplete self-onsistent laser simulation program. The struture is a vertial-single-mode devie. The ative region is omposed of 4 InGaAsP(�PL = 1:7 �m)/InGaAsP(�PL =1:2 �m) strained-QWs.The �gure fouses on the ative region. On the right axis is depited theurrent arried by the eletrons. A drop in the eletron urrent indiates aneletron-hole reombination. We an see on �gure 4.6, that the reombinationsmainly our in the QWs. We also see that all the QWs do not arry the sameamount of urrent. The QW losest to the p-side is the plae for more reom-binations that the QW losest to the n-side. This non-uniform QW injetionis attributed to the di�erene of mobility for holes and for eletrons. Even ifnot of major interest for the purpose of this thesis, it is an important issue fordesigning high-frequeny lasers. 115



4. Bipolar asade laser modeling at an \eletroni level" point of viewFigure 4.6 Example of simulation of a multi-quantum-well (InGaAsP �PL =1:7 �m/InGaAsP �PL = 1:2 �m) laser: V-I harateristi and band diagram.
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4.6 Esaki tunnel juntion modeling4.6.1 Priniple of a tunnel juntionLeo Esaki, a Japanese physiist born in 1925 explains for the �rst time in1958 [18℄ the very partiular behaviour of eletroni omponents known to-day as \tunnel diodes" or \Esaki diodes". The history of siene reveals thatmany sientists had been observing the phenomenon before, but the sampleswere systematially rejeted beause the urrent-voltage harateristi was notfollowing the expeted behaviour. In fat, tunneling of eletrons through theforbidden gap of an insulator was at this time a known phenomenon (proposedby Zener in 1934 [19℄), and had been suessfully applied to aount for urrentharateristi under reverse bias [20, 21℄. But Esaki was the �rst sientist topropose Zener tunneling to aount for the forward-bias harateristis. Forthis reason, he was awarded the Nobel prie in 1973.The tunnel proess is hard to desribe quantitatively beause it has a verynon-linear behavior, whih therefore strongly depends on not perfetly knownphysial parameters of the materials (e.g. forbidden band gap energy EG,dopant densities...), and ase-study-dependent parameters (internal eletri �eld)[22{24℄. Nonetheless, the priniple is easy to understand qualitatively and isshown in �gure 4.7.At 0 bias (�gure 4.7-(b)), even though both bands are degenerate, the ther-modynami equilibrium imposes that reombinations exatly ompensate forarrier reation, and the overall urrent is null. For bakward bias(�gure 4.7-(a)), the quasi-Fermi-level (QFL) of holes (p-side) is higher than the QFL ofeletrons (on the n-side) resulting in empty states on the n-side faing oupiedstates on the p-side. An eletron urrent an spring o� from p- to n-side, whihis equivalent to a majoritary arrier reation on either side of the juntion. Forsmall forward bias (�gure 4.7-()), the same phenomenon ours, resulting here116



4.6 Esaki tunnel juntion modelingin a net eletron urrent from n- to p-side, equivalent to exess majoritary ar-rier reombination. For a ertain regime, an inrease in the forward bias givesrise to less eletroni oupied states faing the valene band empty states.The urrent dereases while the polarisation inreases, we loally have a neg-ative di�erential resistane. For high-enough forward bias (�gure 4.7-(d)), theurrent-voltage harateristi is similar to other types of semiondutor diodesover threshold: the urrent is thermo-ativated.Figure 4.7 A tunnel juntion for di�erent regimes of funtioning: (a) for bak-ward bias, (b) at 0 bias, () for small forward bias, (d) for high forward bias.
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(d)4.6.2 Eletroni model4.6.2.1 IntrodutionShortly after Esaki's publiation, numerous physiists proposed various methodsto predit the tunnel urrent. Some are mostly phenomenologi [18, 22, 24{30℄,others are more omplex and almost self-onsistent [31, 32℄, with aeptableagreement with experimental results.The purpose of this setion is to obtain a quantitative estimation of the Zenertunneling urrent through the highly-doped juntion. We wish to insert thetunnel urrent alulation into the previously desribed transport model. Themodel must therefore take into aount every mirosopially varying relevantparameter. The model we have implemented (and we are rederiving in detail inthis setion) is due to E. O. Kane [21, 31℄.A little more preisely than we did while exposing its priniple, we andesribe a tunnel juntion as an interfae between two semiondutor layers,117



4. Bipolar asade laser modeling at an \eletroni level" point of viewone is highly doped with donors, the other one is highly doped with aeptors.Under these onditions, the struture behaves very similarly to a p-n juntionwell-desribed in the literature [24, 30, 33, 34℄: n-side exess eletrons tend todi�use to the p-side, but the ionized donors reate an eletrostati attrationfore that ounterats di�usion. The solution under zero bias is a three-regionstruture as an be seen in �gure 4.8:� a high-density n-type arrier area (that may be degenerate)� a high-density p-type arrier area� an internal area, depleted of arriers, hosting a very intense built-in �eld,whih an reah 108 V.m�1.Figure 4.8 Band diagram, arrier populations and \build-in" eletri �eld fora tunnel juntion made of InGaAsP (�PL = 1:35 �m) doped to 1019.
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It is obvious from �gure 4.8 that what makes the Zener proess possibleis the very high eletri �eld, whih bends the bands of the semiondutorand may o�er (under polarization) a oupling between �lled and empty stateswith the same energy separated by the bent gap. A lassial approah to thisproblem would obviously forbid any partile transfer between bands. Quantummehanis is therefore neessary to aount for the e�et.Qualitatively speaking, the following disussion proess is lear: we �rstalulate the wave funtions of an eletron in a given eletroni band (the valene118



4.6 Esaki tunnel juntion modelingband, and the ondution band). This will give us the probability of preseneof the eletron at the position r in spae. We will then notie that the wavefuntions of the two states separated by the band gap (but having the sameenergy) overlap. By alulating this overlap, we �nd the tunneling probability.We eventually multiply this tunneling probability by the inident urrent to �ndthe tunneling urrent.Now for a quantitative desription, we need to take great are at eah step ofthe formalism to ensure normalization oherene, proper boundary onditions,and rigorous alulation steps. The main equations are presented linearly in thefollowing setion, but in order to failitate a omprehensive reading, the alu-lation steps (that we wanted as rigorous as possible) are detailed and groupedin Appendix B.4.6.2.2 The matrix elementThe eletri �eld arises in the x-diretion. The time-independent Hamiltonianthat we will use in the Shr�odinger equation to desribe the eletron behaviorinludes the eletri �eld interation:" p̂22m0 + V(r)� eFx# (r) = E (r) (4.10)
☞ m0 is the eletron mass,
☞ p̂ = ~ir is the momentum operator,
☞ ~ is the redued Plank onstant,
☞ V(r) is the rystal eletroni potential (dependent on the position vetor r),
☞ F is the eletrostati �eld applied, giving rise to a varying potential along thex-diretion,
☞  (r) = hr̂j i is the wave funtion of the eletron in the struture, to be deter-mined, together with its energy E.To alulate the wave funtions solutions of equation 4.10, we will use aperturbation method, and �rst onsider the undisturbed Sh�odinger equation:" p̂22m0 + V(r)#'(r) = E'(r) (4.11)Aording to the Bloh theorem [33{35℄, the rigorous solutions of equation 4.11are a omplete set of eigenvalues En(k) and eigenfuntions 'n;k(r), the Bloh-Floquet funtions, whih form a omplete basis:'n;k(r) = hr̂jn;ki = eik:rpV un;k(r) (4.12)
☞ V is the volume of the rystal ensuring the normalization of the basis vetors,
☞ un;k(r) is the periodi part of the Bloh funtions,
☞ eik:r is a plane wave. 119



4. Bipolar asade laser modeling at an \eletroni level" point of viewThe wavefuntions  (r), solutions of equation 4.10, an be deomposed onthe jn;ki-basis:  (r) =Xn s Vell(2�)3 Z an(k)'n;k(r)dk (4.13)
☞ Vell is the volume of the unit ell of the lattieEquation 4.10 an in these onditions be written (f. Calulation step A.,on page 202):�En(k)� ieF ��kx �E� an(k)�Xn0 eFXnn0(k)an0(k) = 0 (4.14)
☞ Xnn0 (k) is de�ned as Xnn0 (k) = hn;kjxjn0;ki = iVell Zell u�nk(r) ��kx un0k(r)dr
☞ The �rst term desribes the perturbation in the onsidered band, whereas theseond term aounts for the oupling between bands.We will now neglet the interband interation to ompute the wavefuntionssolutions of equation 4.10. Within these approximations, for a given band n thesolution  n(r) of equation 4.10 only depends on the solutions 'n;k(r) of theunperturbed Shr�odinger equation 4.11: n(r) =s Vell(2�)3 Z an(k)'n;k(r)dkStill negleted the interband interation, the seond term of equation 4.14drops and the solution to this equation an be found easily, with the result:an(k) = an(k?)an(0) exp( ieF Z kx0 �E �En(k0x)�dk0x) (4.15)We need now to ensure the normalization of  n(r) over the whole rystaland to install proper boundary onditions whih will, as a onsequene, quantifythe eigenvalues E of the Shr�odinger equation 4.14. The normalization is givenby (f. Calulation step E., on page 205):jan(k?)j2 = ja(k?)j2 = Æ(k? � k?0)and an(0) = a(0) = 1�x
☞ �x is the length of the Brillouin zone in the x-diretion
☞ Equation 4.14 an be solved for any value k?0 of k?, whih is onserved whenapplying an eletri �eld along x.Now that the funtions are normalized, we an set the boundary onditions:we impose for the eigenfuntions to be periodi in the reiproal lattie. Eah120



4.6 Esaki tunnel juntion modelingomponent must therefore be periodi with the same periodiity. The argumentof the expression 4.15 should be the same for kx and kx + �x:exp( iF Z kx0 �E �En(k0x)�dk0x) = exp( iF Z kx+�x0 �E �En(k0x)�dk0x)whih implies: Z kx+�xkx �E � En(k0x)�dk0x = F [2�℄The spaing between eigenvalues is then given by :�E = 2�F�x (4.16)Therefore, the density of allowed states will, within these boundary onditionsbe given by �(E) = 1=�E = �x=2�F .Combining equation 4.13 and equation 4.15, we now have an expression of thewave funtion of an eletron in a band n (i.e. we know the probability of preseneof this eletron in the struture). Within the e�etive mass approximation, itis possible to prove that the envelope funtion of these wave funtions are Airyfuntions, whih have the following properties [33, 34, 36℄:� The Airy funtion is a solution of the di�erential equationd2dx2Ai� xAi(x) = 0where we reognize the \general" shape of the Shr�odinger equation 4.10.� Ai(x) tends to 0 for x!1� for x < 0, Ai(x) osillates with a frequeny inreasing with jxj.Figure 4.9 Wave funtions of the eletrons (Airy funtions) represented inthe valene and ondution bands of a semiondutor whih undergoes a higheletri �eld
Valence band

Conduction band

In other words, the probability for an eletron to be inside the band gapis not ompletely null, but deays at an exponential rate. The overlap of theexponential arms of wave funtions on eah side of the band gap will give us an121



4. Bipolar asade laser modeling at an \eletroni level" point of viewidea of the oupling between the two states, and therefore the probability foran eletron in the �rst state to \appear" in the seond state.The \oupling strength" between states of equal energy but on di�erentbands is given by the matrix element, whih is, by de�nition:Mnn0 = h nj � eFxj n0i = � Z  �neFx n0dr (4.17)The matrix element is derived in Calulation step F., on page 206, the resultis :Mnn0 = �eF�x Z Xnn0(k) exp ieF Z kx0 �En0(k0)�En(k0)�dk0x! dkx (4.18)4.6.2.3 k � p̂-desription of the semiondutor bandsThis expression of the matrix element is very general. Here we only onsiderthe top valene band and the lowest ondution band of a semiondutor.The matrix element we need to ompile then writes:Mv = �eF�x Z Xv(k) exp ieF Z kx0 �E(k0)�Ev(k0)�dk0x! dkx (4.19)In order to go further into the alulation of the matrix element, we need toexpress the Bloh funtions 'n;k(r) of the undisturbed rystal. The �rst optionwe have is to assume that un;k(r) is, for every k, equal to its value at the enterof the Brillouin zone: 8k; un;k(r) �= un;0(r)This approximation is known as the envelope funtion approximation [33, 34℄,and is used by many authors to ompute the band-to-band tunnel urrent [22,29, 32, 37℄.Kane shows that it is possible to obtain an analytial expression of thematrix element with a (somewhat) better desription of the band struture [21℄.Instead of onsidering the Bloh funtions un;k(r) independent of k we use thesupposedly known un;0(r) funtions as a omplete basis:un;k(r) =Xm n;m(k)um;0(r) (4.20)This deomposition is known as the k � p̂-method (or sometimes alled e�etivemasses method) and leads to an eigenproblem, where the eigenvalues are thetotal energies of the eletroni states (as a funtion of k), and the eigenfuntionof the band n is the n;m deomposition into the supposedly known ompletebasis um;0. The band-to-band inuene on dispersion relations (En(k)) are allexpressed in terms of um;0. The major interest of this method is then to trans-form the expression of um;0 into an expression funtion of parameters determinedexperimentally (for instane e�etive masses!). The general formalism is verypowerful sine the auray of the result depends on the number of onsideredbands, and therefore the problem an be derived with any desired omplexity.We will fully take bene�t of the great exibility of the formalism and derive itfor only two bands: the lowest ondution band, and the highest valene band.122



4.6 Esaki tunnel juntion modelingThis approximation is of ourse not rigourous, although it is valid for somediret-band gap semiondutors suh as InSb for the light holes band [21℄.The time-independent Shr�odinger equations for eah band of the periodirystal are given by: p̂22m0 + V (r)!';k(r) = E(k)';k(r) (4.21) p̂22m0 + V (r)!'v;k(r) = Ev(k)'v;k(r) (4.22)
☞ 'n;k(r) = 1pV un;k(r)eik:r are the Bloh-Floquet funtions of the undisturbedperiodi rystal (the ones we are now looking for!)
☞ n either stands for , for the ondution band, or for v for the valene band. Wewill use this notation when the expression is valid for eah bandUsing the de�nition of p̂ = ~ir, we an rewrite for eah band equations 4.21and 4.22 as: p̂22m0 + ~2k22m0 + ~m0k � p̂+ V (r)!un;k(r) = En(k)un;k(r)Injeting the expression 4.20 into the previous equation, we �nd: p̂22m0 + ~2k22m0 + ~m0k � p̂+ V (r)�En(k)! (n;vun;0(r) + n;un;0(r)) = 0We then projet these equations alternatively on eah base vetor u;0 and uv;0,whih follow by de�nition a supposedly solved Shr�odinger equation: p̂22m0 + V (r)!un;0(r) = En(0)un;0(r) (4.23)We obtain the following k � p̂-hamiltonian matrix:Hk�p̂�n;n;v� = 0�E(0) + ~2k22m0 + ~m0 kP ~m0kP~m0kP Ev(0) + ~2k22m0 + ~m0kPv1A�n;n;v�Hk�p̂�n;n;v� = En(k)�n;n;v� (4.24)
☞ Pn =< u�n;0jp̂jun;0 >' 0 if the Bloh funtions are assumed to be symmetri inthe Brillouin zone (whih is not exatly the ase for InGaAsP [4℄),
☞ P =< u�;0jp̂juv;0 > is the k � p̂-momentum matrix element.In a more omplex use of the formalism, equation 4.24 would give a wholematrix Pn;n0 . The eÆieny of the Kane's formalism relies upon the fat thatthose momentum matrix elements are thereafter expressed in terms of e�etive123



4. Bipolar asade laser modeling at an \eletroni level" point of viewmasses, that are experimentally available. If we take the top of the valene bandas the energy referene, the k � p̂-hamiltonian matrix beomes:Hk�p̂ = 0�Eg + ~2k22m0 ~m0 kP~m0kP ~2k22m0 1AThe eigenvalues are found easily:E� = Eg2 + ~2k22m0 � �2 (4.25)�2 = E2g + 4~2k2P 2m20 (4.26)
☞ + refers to the ondution band, whereas � refers to the valene band.
☞ � is a funtion of k and equals �(k) = E(k)�Ev(k).The alulation of the eigenfuntions gives the following result:u;k(r) = 1p2� n(� +Eg) 12 u;0(r) + (� �Eg) 12 uv;0(r)ouv;k(r) = 1p2� n(� �Eg) 12 u;0(r) + (� +Eg) 12 uv;0(r)o
☞ We have always: 'n;k(r) = eik:rpV un;k(r)We an now ompute Xv(k) with jkxj � jk?j:Xv(k) = i Eg=2���2 �E2g� 12 ���kxIf we onsider the k values next to the enter of the Brillouin zone, we have:Eg > 2~kPm0We an rewrite equation 4.25 as:E� = Eg2 � ~2k22m�We introdue the e�etive masses m� at the band edges, and a tunnelredued e�etive mass, so that the momentum matrix element P , and therefore� an be expressed in terms of experimentally available e�etive masses:1m� = 2P 2m20Eg � 1m01mr = 1m+ + 1m� (4.27)P = m02 rEgmr124



4.6 Esaki tunnel juntion modelingRewriting equation 4.26, the momentum matrix element is replaed by an ex-pression funtion of the redued mass and we have:�2 = E2g + Eg~2k2mr (4.28)Notiing that �(k) = E(k) � Ev(k), we an now give an expression of theterms in the tunneling matrix element (equation 4.19), as a funtion of k andmr: Xv(k) = i~E 32g2m 12r �2 (4.29)Z kx0 �dkx = kx�2 + pmrEg~ �Eg + ~2mr k2?�� ln264 � + ~kxqEgmr�E2g + ~2k2? Egmr � 12 375 (4.30)During the tunneling proess, the wave vetor k will be imaginary (beausethe wave funtion is evanesent inside the band gap). We see from equations4.28 and 4.25 that for kx = q, we have � = 0, and the two bands have the sameenergy. The tunneling urrent will therefore be maximum at this point q, whihis shematially represented on �gure 4.10-(a):q = irmrEg~2 + k2?Instead of following the real axis for integration of equation 4.19, we will inte-grate over the Cauhy ontour depited on �gure 4.10-(b), that passes by the\pole" q.Figure 4.10 The maximum tunneling probability ours near the \pole" q.
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4. Bipolar asade laser modeling at an \eletroni level" point of viewThe alulation is performed in Calulation step G., on page 207 , and theresult is: Mv = �E1=2g m1=2r3�x~q eF exp� ieF Z q0 �dk0x� (4.31)Combining this expression with the expression of the integral (equation 4.30),we �nd: Mv = �E1=2g m1=2r3�x~q eF exp(��~jqj2E1=2g2eFm1=2r ) (4.32)4.6.2.4 The transmission oeÆientThe Fermi Golden Rule gives a quantitative desription of the probability pertime unit to make a transition from the �rst state into the seond state. For anexitation at frequeny null (eletrostati �eld), the Fermi golden rule laimsthat: w = 2�~ jMvj2�jt(E) (4.33)
☞ Mv = h nj � eFxj n0i is the matrix element that we have obtained in equa-tion 4.32.�jt(E) generally refers to the joint states density: the spetral density of statesfor states-pairs whih follow the seletion rules. Here, to allow the transition, weneed k = k0 and E = E0. The eigenvalues, solutions of equation 4.14 are part ofa quasi-ontinuum. For every wave funtion in the valene band, it is possibleto �nd a state in the ondution band with the same energy (f. �gure 4.9).The density of joint states will therefore be equal to the density of states in oneband, whih is exatly the density of eigenvalues, quanti�ed by the boundaryonditions. We an then write:�jt(E) = 1�E = �x2�eFThe probability per unit time is then:w = �xeF~ jMvj2To alulate the tunneling urrent it is however more onvenient to use thedimension-less transmission oeÆient T de�ned by the following proposition:If Nin eletrons strike the barrier, then an average Nout = TNin eletrons willbe transmitted through the gap. For the onstant �eld ase, it an be proven(see for instane [31, 38℄) that the eletron rosses repeatedly and periodiallythe Brillouin zone with the periodtBO = ~�xeFThis phenomenon is known as the Bloh osillations .Let us now onsider one eletroni state available for tunneling with wavevetor kx. During time t, the eletron wave vetor in the x-diretion is N times�N = ttBO � equal to kx. The probability of this eletron to go through the bandgap an be alulated by two di�erent ways:126



4.6 Esaki tunnel juntion modeling1. integrating over t the probability per time unit:Ptunnel(t) = Z t0 wdt0 = wt = wtBON2. using the de�nition of the transmission fator:Ptunnel(N) = TNIdentifying the two expressions, we an then write the transmission oeÆientas: T = wtBOwhih gives: T = �2x(eF )2 jMvj2 (4.34)Using the matrix element expression available from equation 4.32, we om-pute the transmission oeÆient through a band gap barrier:T = �29 exp ��m1=2r E3=2g2p2~eF ! exp��2E?E?�E? = ~2(k2?)=2mrE? = p2~eF=�pmrEg4.6.2.5 The tunnel urrentThe total tunnel urrent density Jt (in A.m�2) is obtained by multiplying theinident urrent density by the tunneling transmission oeÆient derived in theprevious setion. In order to do so, we assume that far from the hemialjuntion, the built-in eletri �eld is sreened by the high dopant density andthe bands are at. The urrent density must be integrated over all the possiblek vetors. The elementary k-volume is the ylinder portion 2�k?dk?dkx. Theelementary inident urrent per unit area is then given by:djinident = evgx�RL(k)2�k?dk?dkx
☞ �RL(k) = 1(2�)3 is the density of states in the k-spae, RL stands for \reiproallattie".
☞ vgx = 1~rkxE ' ~kxmx is the lassial group veloity of the eletrons with wavevetor kx in the x-diretion.Inluding a fator 2 for spin, and using the e�etive mass approximationsin x- and perpendiular-diretion (Ex = ~2k2x2mx and E? = ~2k2?2m? ), the elementaryurrent density beomes: djinident = e m?2�~3dExdE?To simplify alulation, we take here the e�etive masses as isotropi andequal for n- and p-side to the redued massmr . Multiplying by the transmission127



4. Bipolar asade laser modeling at an \eletroni level" point of viewoeÆient and integrating over Ex and E? gives the tunnel urrent density [31℄:Jtunnel = Z Tdjinident= emr18~3 exp ��pmrEg2p2~eF !ZZ �f1(E1)� f2(E2)� exp��2E?E?� dEdE?
☞ f1 and f2 are the oupany fators, the energies are de�ned aording to �g-ure 4.11Figure 4.11 De�nitions of the variables used in [31℄ to derive the tunnel urrent
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It should be noted that sine E = Ex +E?, the limits of integration are0 � E? � Es0 � E � �n + �p � eV
☞ Es is the smaller of E1 and E2, the degeneray fators �n and �p are de�ned by�gure 4.11The integral over E? gives the result:Jtunnel = emr18~3 exp ��pmrEg2p2~eF !�E?2 ��D (4.35)with D = Z �f1(E1)� f2(E2)��1� exp��2 EsE?�� dE
☞ D has the dimension of energy, depends on the temperature (via the oupanyfators) and of the degeneray �n and �p (depth of penetration of the Fermilevels into the energy bands)
☞ an inrease of E? implies a derease in Jtunnel whih is onsistent with thelassial representation of tunneling: if the eletron has a higher transverse k-vetor, it has to go through a wider potential barrier.A omplete set of formulas are given in [31℄ at T = 0 K (f1 and f2 arestep funtions), and for �n > 0 and �p > 0 (n- and p-side degenerate). The128



4.6 Esaki tunnel juntion modelingexpression of D di�ers slightly if one side is not degenerate (as it is the asefor our study ase). In partiular, no negative resistane is observed, and thetunnel urrent appears only after a negative polarization threshold. For �n > 0but �p < 0 , and still at T = 0 K, we have:if eV > �p; D = 0if �p > eV > �p � �n; D = eV � �p + E?2 �1� exp�� 2E? (�p � eV )��if eV < �p � �n; D = eV � �p + E?2 �1 + exp��2�nE?�� 2 exp�eV � �n � �pE? ��As shown in [31℄, D desribes the general shape of the I(V) harateristi.The magnitude of the transmitted urrent is mainly ontrolled by the exponen-tial term: Jtunnel / exp ��pmrEg2p2~eF !Consistently with what an be intuitively dedued, the tunnel urrent is allthe higher as:1. The band-gap energy Eg of the material is low2. The e�etive mass mr is low3. The doping onentration (and thus the degeneray) is high4. The internal eletri �eld is highWe will see in hapter 5 the quantitative e�et of the material and of thedopant onentration on the tunnel urrent.4.6.3 Disussion on the tunnel-urrent model and on itsimplementation4.6.3.1 The physial modelThe Kane model we have hosen to implement is the most rigorous band-to-bandtunneling model we have found in the literature:1. The alulation only relies on intrinsi material parameters (no phenomeno-logial �t parameters suh as in [18, 26, 28℄).2. The band model assumed to alulate the matrix element is a 2-banddesription, instead of a paraboli approximation [32, 37℄ or a onstantmatrix element model [39℄.3. The onservation of momentum is taken into aount (the theory mainlyrelies on this seletion rule), and the transverse momentum is inluded[24, 39℄.Despite all the advantages, the model still su�ers from some drawbaks orat least strong approximations are used to derive analytial expressions:129



4. Bipolar asade laser modeling at an \eletroni level" point of view1. The main approximation probably onsists in the semiondutor bandsdesription. The 2-band model, although fairly aurate for InSb, is notrigorous for InP-based semiondutors [4, 5, 31℄. A rigorous aount forthe spin-orbit split-o� band an be found from the derivation of a higher-order use of the k � p̂-method, and would require a numerial integrationof equation 4.19. Kane proposes an alternative solution supposing thatthe transmission oeÆient T does not strongly di�er from the 2-bandalulation. The orretion omes from a more aurate expression of E(k)found in [40℄. This leads to the reformulation of the e�etive masses, butalso of D and E [31℄. It should be noted here that although the e�etivemasses are taken as equal for light holes and eletrons for alulating thetunneling probability, the quasi-Fermi-levels (QFL) are determined by atransport model that desribes well the disrepany between eletron andhole mobility.2. Another serious approximation is the assumption of a onstant �eld. Ifwe want to aount for �eld variations, then equation 4.35 must be nu-merially integrated over the juntion [22, 31℄. Kane proposes to take anaverage �eld to determine D [31℄. We follow Adar [22℄ who has shownthat, for bakward bias, the result is lose to the one obtained numeriallyby taking the �eld equal to its value at midgap.3. The third important e�et negleted is the perturbation of the high impu-rities onentration on the band gap. The e�et is known as band tailing[39, 41, 42℄ and is haraterized by a band gap shrinkage [39℄.4. The other negleted e�ets are of smaller importane for our study ase:several authors have studied in a more detailed way the forward bias tun-neling proess whih gives rise to negative di�erential resistane. Thepreviously desribed model must be ompleted with phonon interations[31, 32℄ and with an \exess urrent" model involving tunneling betweenthe bands and intermediate impurity levels inside the band gap [43, 44℄.For our purpose, we are only interested in the bakward Zener-like tunnel-ing proess. In addition, aording to some authors, the Coulomb intera-tion aross the band gap should also be taken into aount [21, 31, 37, 39℄.It results in an additional fator dependent of the band gap and on thedieletri onstant of the material.5. There are several other limitations: the model only alulates the direttunneling (indiret-phonon-assisted tunneling is not taken into aount);the model is valid only for homojuntions (same material on n- and p-side); the desription of the parameter D is done at T = 0 K (whih isnot a real problem for bakward tunneling, but might overestimate theforward tunneling urrent), et.Eventually, we would like to point out the fat that reverse tunnel diodespresent a priori good harateristis for implementation in mirowave optialsystems:� The eletron tunneling transit time is lower than the one for onventionalondution proesses [24, 45℄.� Bakward diodes have low 1/f noise [24, 27, 46℄.130



4.6 Esaki tunnel juntion modeling� The 0-bias reverse resistivity is not very muh sensitive to temperaturevariations [18, 24℄. The variation with temperature only omes from thevariation of the material properties.4.6.3.2 Numerial implementationThe implementation of equation 4.35 was arried out in the transport modeldesribed in setion 4.2 on page 104. The eletrons tunneling at a rate givenby equation 4.35 are onsidered in the model as a soure of eletron-hole pairsgeneration loalized at the hemial juntion: majority arriers are reated inthe ase of bakward tunneling and are reombined in the ase of forward biastunneling.As for the alulation of the proess, the eletri �eld is assumed to beonstant and equal to the eletri �eld at the hemial juntion where it reahesits maximum value. The degeneray fators �n (resp. �p) are alulated inthe middle of the n-(resp. p-)side region, in the \neutral" region (with noeletri �eld), using the Fermi-Dira statistis for arrier onentration. Theother parameters (e.g. EG, mr) are supposed equal for both sides.This implementation also requires a non-loal treatment of the generation-reombination rate alulation injeted in equation 4.4 of the drift-di�usionmodel. The problem is numerially solved by using the Woodbury formula,already desribed in setion 4.5, on page 112.Figure 4.12 Highly-doped homojuntion InGaAsP (� = 1:35�m doped to 5�1018) under reverse bias with (a) a model whih does not allow for tunnelinggeneration, and (b) a model that permits eletron band-to-band tunneling.
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4. Bipolar asade laser modeling at an \eletroni level" point of viewin a net p to n-side eletron urrent. For the same voltage drop (1 V over thewhole struture), the total urrent inreases dramatially (from 10�11 kA.m�2in �gure 4.12-(a) to 200 kA.m�2 in �gure 4.12-(b)) while the tunneling urrentis enabled. For the same voltage drop over the whole struture, the voltagedrop over the tunnel juntion is redued while the band-to-band tunneling isenabled.4.6.3.3 Example of simulationEventually, we present in �gure 4.13 a simulation of a highly-doped (1019 m�3)Esaki juntion on InGaAsP (�PL = 1:35 �m).Very onsistently with what was intuitively and qualitatively desribed insetion 4.6.1, for bakward bias, a high amount of tunnel urrent goes throughthe pn-juntion. The loal negative resistane is also observed in our simulationand its shape is harateristi of a tunnel juntion with the n-side more degen-erate than the p-side (�n > �p) [31℄. For voltage exeeding the band-gap energy(eV � EG � 0:8eV ), thermoioni arrier emission takes plae and the urrenteasily ows through the forward-bias diode.Figure 4.13 Example of simulation of a highly-doped InGaAsP (� = 1:35�mdoped to 1019): V-I harateristi and band diagram.
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4.7 ConlusionWhereas hapter 2 and hapter 3 intended to demonstrate the possible improve-ments obtained for asading several ative juntions, we have desribed in thishapter a very omplete self-onsistent transport model with every element forthe simulation of bipolar asade laser.We have elaborated a parameter database for the simulation of devies grownon InP substrate. We have implemented the Fermi-Dira statistis in orderto aount for very high dopant onentrations and arrier population, andallowed for multi-quantum-well devie simulation. Eventually, we have derived132



4.7 Conlusiona self-onsistent alulation for modeling the tunnel urrent through the tunneljuntions.The next and last hapter of this thesis is mainly experimental. We use thetransport model desribed in this hapter to design and produe tunnel juntionsand single-transverse-mode bipolar asade lasers. We will then present theharateristis of the produed devies.
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Chapter 5Design of asingle-transverse-modebipolar asade laser\Si tu vois la lumi�ere au bout du tunnel, prie pour que ene soit pas le train . . . "Frenh popular sayingThe previous hapter desribed on an \eletroni level" point of view a self-onsistent model for modeling Esaki tunnel juntions and bipolar asade lasers.This model relies on Fermi-Dira statistis, is ompatible with multi-quantum-well strutures, and aounts for band-to-band tunneling.This hapter deals with the design of a single-transverse-mode bipolar as-ade laser. The major obstale to overome is the ruial design of the tunneljuntion. Therefore we �rst use the eletroni transport model to optimize thetunnel juntion that will be implemented in the bipolar asade laser. In par-tiular, using zin atoms as p-type dopants entails some drawbaks that deservedetailed investigation. Some experimental measurements of the harateristisof the optimized tunnel juntions will also be presented.One the parameters of the tunnel juntion are optimized, the eletronitransport model is used to design a single-transverse-mode bipolar asadelaser. The struture is rather ompliated but should nevertheless remain single-transverse-mode. This very spei� onstraint leads to orresponding optimiza-tions suh as, for instane, the width of the eletron on�nement barrier layerbetween the MQW layers and the tunnel juntions. We also provide some in-teresting experimental measurements on fabriated devies.
☞ Please note that all simulations are done at room temperature (293 K).5.1 Tunnel juntionsThe amplitude of the bakward-tunnel urrent through a tunnel juntion wasaurately alulated in hapter 4. We eventually derived an analytial so-lution (exept for an energy parameter D desribing the overall shape of the137



5. Design of a single-transverse-mode bipolar asade laserurrent-versus-voltage urve) depited by equation 4.35, while onsidering a setof approximations displayed in setion 4.6.3.3. This analytial expression of thetunnel urrent is proportional to:Jtunnel / emr18~3 exp ��pmrEg2p2~eF !�E?2 � (5.1)with E? = p2~eF�pmrEgAs we already explained previously (f. setion 4.6.2.5 on page 129), themain parameters that inuene the amplitude of the tunnel urrent are thefollowing:� The tunnel e�etive mass mr,� The band-gap energy EG,� The level of degeneray in eah side of the juntion �n and �p,� The eletri �eld at the juntion hemial interfae (where the tunnelingproess ours) F .The tunnel e�etive mass and the band-gap energy an not be hangedseparately. Changing the onstitutive material hanges both of them. Similarly,a hange in the level of degeneray (i.e. a hange in the doping levels) also ausesa hange in the resulting internal eletri �eld for a given voltage bias.5.1.1 Improving the tunnel probability by hanging theonstituting materials5.1.1.1 Band-gap energyAording to the relation 5.1, one way to redue the voltage bias neessary toahieve a given urrent density is to derease the energy gap of the materialonstituting the juntion.Intuitively speaking, reduing the material band-gap is equivalent (for agiven eletri �eld) to reduing the triangular-like tunnel barrier width, andthus the tunnel probability.Figure 5.1 presents the evolution of the band-gap energy of In1�xGaxAsyP1�ylattie-mathed on InP as a funtion of the arseni proportion (y).As the material gets loser to In0:53Ga0:47As, the band-gap energy dereases.A tunnel juntion made in a material with a higher proportion of arseni willthen enable a higher tunnel urrent for a given voltage bias.5.1.1.2 E�etive massIn addition, while we design the material band-gap, we modify the e�etivemass involved in the tunneling probability. Figure 5.1 displays the evolution ofthe tunnel e�etive mass, as alulated by equation 4.27, that we rewrite here:1mr = 1m + 1mv (5.2)138



5.1 Tunnel juntions
☞ m is the eletron e�etive mass in the ondution band
☞ mv = (m 32lh +m 32hh) 23 is the density of state hole e�etive mass in the valenebandFigure 5.1 Evolution of the band-gap energy, and of the e�etive mass ofIn1�xGaxAsyP1�y lattie-mathed on InP as a funtion of the arseni propor-tion (y).
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5.1.1.3 Band diagramFigure 5.2 shows the alulated band diagram for a �PL = 1:35 �m-based TJfor a urrent density of 10 kA.m�2.Figure 5.2 Calulated band diagram for a tunnel juntion under reverse bias.The alulated urrent ow is 10 kA.m�2. Also shown are the quasi-Fermilevels of holes (dot-dashed thin line), and eletrons (full thin line). Insert showsa zoom of the depletion zone.
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5. Design of a single-transverse-mode bipolar asade laserfor the pn-juntion at the interfae between the highly-doped materials. Thisinterfae exhibits a very high eletri �eld built up in the region depleted ofarriers.5.1.1.4 Calulated harateristiFigure 5.3 presents the alulated J(V ) harateristi of a InGaAsP �(PL) = 1:2-�m (Eg = 1:03 eV) TJ, ompared to a InGaAsP �PL = 1:35-�m (Eg = 0:91 eV)TJ. "PL" stands for "photoluminesene". The alulated J(V) harateristiis displayed with the onventions used for pn juntions: a positive voltage is aforward bias on the pn-diode (the eletrial potential on the p-side exeeds theeletrial potential on the n-side). We are here interested in the reverse biasregime (negative voltage). All the materials are doped to 5� 1018 atoms/m3.Figure 5.3 Comparison of the alulated J(V ) harateristis for InGaAsP�PL = 1:2-�m, and InGaAsP �PL = 1:35-�m-based tunnel juntions. All mate-rials are doped 5� 1018 m�3.
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The J(V) harateristis are not linear with the urrent. Therefore we needto ompare the voltage drop obtained for a given urrent density. A onventionalsingle-mode, single-ative-region laser usually exhibits a urrent density thresh-old of approximately 1 to 3 kA.m�2. We hoose then to ompare the hara-teristis at a signi�antly higher referene urrent density of Jref = 10 kA.m�2.Aording to the alulation plotted on �gure 5.3, Jref an be obtained for avoltage bias of 1.0 V for �PL = 1:2-�m materials whereas V = 0:82 V is enoughfor reahing Jref with a �PL = 1:35-�m-based TJ. The resistivity of the tunneljuntion is also a parameter of importane. The alulated resistivity is loseto 7� 10�5 
.m2 (whih orresponds to a resistane of approximately 5 
 fora 3 �m�500�m-devie) at 3 kA.m�2 and goes down to 4� 10�5 
.m2 (whihorresponds to a resistane of approximately 3 
 for a 3 �m�500�m-devie).The resistivity were found to be almost the same for the two types of materialsfor the urrent density we have hosen as a referene.Note on �gure 5.2 that the n-type InGaAsP (�PL = 1:35 �m) is degenerate,whereas the p-type is not ompletely, but is on the verge of degeneray. Aord-ing to the expressions of the energy oeÆient D derived in setion 4.6.2.5, ifone of the onstitutive juntion material is not degenerate, the tunnel proess140



5.1 Tunnel juntionsundergoes a reverse bias voltage threshold. The reverse tunneling e�et appearson �gure 5.3 above a very small voltage threshold of 1.5 mV.5.1.1.5 ConlusionAs the proportion of arseni (y) inreases, both the band-gap energy, and thetunnel e�etive mass derease. We need to use materials with an arseni pro-portion as high as possible for inreasing our tunnel ondutivity.However, for a 1.55 �m emission, we need to stay away from the fundamentalabsorption of the semiondutor, espeially sine the high-doping onentrationmay redue the e�etive band-gap due to band-tailing [1{3℄.With a band-gap energy higher than the photon energy (EG = 0:8 eV), andalso beause the optimized growth parameters were already available, we haveused for our tunnel juntion the material InGaAsP with �PL = 1:35 �m.5.1.2 Doping levelAnother way to redue the voltage bias is to inrease the degeneray of thematerials, i.e. to inrease the doping onentration, whih will therefore lowerthe tunneling voltage threshold and inrease the built-in eletri �eld, leadingto an inreased tunneling probability. Unfortunately, dopants, and espeiallyZn atoms (used in InGaAsP materials grown by MOCVD as p-dopants), have alimited inorporation, and 5� 1018 atoms per m3 is already very lose to theinorporation limit [4℄. The high di�usion rate and the low inorporation aremajor issues that will be disussed more in detail in paragraph 5.1.3.We an nevertheless already estimate the inuene of doping of both n-and p-side of the tunnel juntion on the eletrial harateristis. Figure 5.4ompares the J(V ) alulated for �PL = 1:35 �m InGaAsP with doping on-entration of NA = ND = 4� 1018, 5� 1018 and 6� 1018 m�3.Figure 5.4 Comparison of the alulated J(V ) harateristis for �PL = 1:35-�m InGaAsP with doping onentration NA = ND = 4 � 1018, 5 � 1018 and6� 1018 m�3.
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The voltage bias neessary to reah 10 kA.m�2 dereases from 1.10, to 0.82and to 0.64 V for 4�1018, 5�1018 and 6�1018 m�3 respetively. The ondu-141



5. Design of a single-transverse-mode bipolar asade lasertivity of the tunnel juntion inreases as we inrease the doping onentration.We will therefore inrease as muh as possible the doping level in our strutures.These results also prove that the doping onentration drastially inuenesthe eletrial harateristis, and that a small deviation or unertainty on thisfator an lead to dramatially hanged performanes.5.1.2.1 Additional losses while inreasing the doping onentrationInreasing the doping onentration means also inreasing the free arrier ab-sorption. Sine the tunnel juntion will eventually be plaed in the middle ofthe optial mode, the additional absorption is an important fator to be on-sidered and will be inluded in the simulation. One again, a trade-o� needs tobe found in order to favor the tunneling proess without degrading the overallmodal gain in the avity.The free-arrier losses are inreased by the doping onentration in two sep-arate ways:� The main intrinsi loss mehanism in InGaAsP/InP-lasers is inter-valeneband absorption (IVBA) [5{7℄. The absorbed photon delivers its energyto a hole whih makes an inter-subband transition within the valene bandof the semi-ondutor.� Sine the material is not perfet, there also exists an extrinsi loss meh-anism. The defets (e.g. vaanies), and the dopant atoms provide ad-ditional energy levels allowed inside the semiondutor band-gap. Theyfurthermore inrease the sattering of the photons leading to light ouplinginto vanishing optial modes.It is very diÆult to obtain a satisfatory theoretial quantitative desriptionof the free arrier losses. We will therefore use the experimentally reported quasi-linearity of the absorption oeÆient with the arrier onentration [7℄ and usean empirial ross-setion parameters for alulating the bulk loal absorptionoeÆient: �f(z) = �nn(z) + �pp(z)
☞ �n (resp. �p) is the free arrier ross-setion and is taken to be 3 �10�18 m2(resp. 20 �10�18 m2) [7, 8℄In order to evaluate the inuene of a doping onentration inrease on theoptial losses in the avity, we performed the simulation of a single-transverse-mode two-ative-juntion laser struture with one QW per ative juntion. Weompare on �gure 5.5 the voltage needed for the laser struture to reah a biasurrent of 10 kA.m�2, as well as the modal free-arrier losses of the laser atthis bias urrent, as a funtion of the doping level of the tunnel juntion. Thedoping level is inreased from 4� 1018 m�3 to 6� 1018 m�3.142



5.1 Tunnel juntionsFigure 5.5 Evolution of the voltage needed to supply 10 kA.m�2 to a two-ative-regions bipolar asade laser struture, and of the free-arrier modal lossesas a funtion of the doping level of the tunnel juntion.
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While dereasing the doping onentration of the tunnel juntion from 6�1018 m�3 to 4�1018 m�3, the free-arrier losses undergone by the fundamen-tal mode dereases almost linearly from 5 m�1 to 4 m�1, whih is alreadyrather signi�ant. But the voltage needed to reah 10 kA.m�2 meanwhile haveinreased faster than linearly from 2.56 V to 3.1 V. This important voltage in-rease triggers a higher Joule heating energy dissipation whih inreases lossesand non-radiative reombinations [9℄. This thermal e�et is not taken into a-ount in our simulation.5.1.2.2 The trade-o� given by the tehnologial limitOn the one hand, a high doping onentration inreases free-arrier losses, buton the other hand, it dereases the neessary voltage drop and therefore reduesthe additional reombinations due to the heating of the devie.Sine the free arrier loss inrease is linear, whereas the voltage inreaseis faster-than-linear with the doping onentration, we deide to inrease thedoping onentration as muh as it is tehnologially possible and deal withadditional losses provided that we limit the voltage drop at the tunnel juntions.5.1.3 Zn di�usionZin is the p-type dopant atom generally used in MOCVD for the fabriation ofInGaAsP/InP devies (transistors, or lasers). Its main assets are the following[10{12℄:� Strong eletrial ativity, attributed to a shallow aeptor level [12℄� low toxiity (as ompared to admium for instane)� low memory e�et [10, 13℄� Low di�usion for onentrations below 1018 atoms.m�3.143



5. Design of a single-transverse-mode bipolar asade laserHowever, as we have seen in the previous paragraph, a very high dopingonentration (2 to 5�1018 atoms.m�3) is a key requirement for obtaining alow-resistivity tunnel juntion. At this high doping level, the di�usion oeÆ-ient of Zn an be very high. This di�usion of partiles may be severe enough todegrade or shift the tunnel juntion interfae, thus altering the eletrial har-ateristis. Impurities di�using through the ative juntions might also degradethe optial harateristis [14℄.In addition, in order to limit the additional losses due to the overlap of theoptial mode with highly-doped regions, we want the tunnel juntion to be assmall as possible. The high di�usion oeÆient will impose a minimum juntionthikness to ahieve a given doping onentration.In this setion, we propose to identify the highest doping onentration ob-tainable by in-situ MOCVD zin-doping, and the minimum width of the tunneljuntion to ensure a good doping, and a low di�usion. We will �rst desribebriey the physial phenomena involved in the di�usion proess. Afterwards wewill disuss the inuene of the growth parameters on the resulting Zn distribu-tion. Then we will turn to the inuene of the grown struture; and then we willdisuss the inuene of the post-growth treatments. Eventually, we will be ableto estimate the length of di�usion that we an expet in our set of materials,and the maximum reahable level of doping.5.1.3.1 General desription of the zin di�usion in III-V semion-dutorsThis paragraph is dediated to the desription of the physial phenomena in-volved in the di�usion proess.The Fik laws A very general di�usion mehanism is usually desribed bythe �rst Fik law: �!J = �D�!rC (5.3)This law seems quite natural and indiates that the partile ow �!J is propor-tional to the gradient of onentration C of the di�using partiles.The oeÆient of proportionality D is alled the di�usion oeÆient andis expressed in m2.s�1. It an either be onstant or a varying funtion of theimpurity onentration.Let us now onsider the volume element of a semiondutor depited on�gure 5.6. A ow of partiles di�use through this volume element. During atime period Æt, the number of partiles that have been �xed inside the volumeis written: Npartiules = (Jin � Jout)AÆt = ÆJAÆt
☞ A is the surfae of one fae of the ylindrial volume element.The onentration therefore inreases by a quantity:ÆC = ÆJÆtÆx (5.4)144



5.1 Tunnel juntionsFigure 5.6 Shematial representation of a volume element through whih aow of partiles di�uses
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Considering only one di�usion dimension, and ombining equation 5.3 andequation 5.4, we obtain the following relation, known as the seond Fik law:�C�t = ��x �D�C�x � (5.5)Pratially speaking, it is possible to �nd an analytial solution to equa-tion 5.5 only for very few problems; for instane, when the initial onditionsrepresent a �nite dose of di�using atoms, the resulting onentration pro�le isgaussian (.f. �gure 5.7-(a)). In the ase of onstant surfae onentration, theresulting onentration pro�le is an error funtion (.f. �gure 5.7-(b)).Figure 5.7 Di�usion pro�le obtained from equation 5.5 for di�erent initialonditions.
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5. Design of a single-transverse-mode bipolar asade laserAs we will see in the following setions, the di�usion oeÆient of zin atomsin InGaAsP is a varying funtion of the zin onentration. This relationshipdoes not diretly apply but an sometimes be onsidered as a good approxima-tion.Substitutional-interstitial mehanism To aount for strange experimen-tal pro�les of zin di�usion, Frank & Turnbull proposed in 1956 that the zinatoms in the semiondutor may be situated in two di�erent loalization in therystal lattie: one is substitutional, the other one is interstitial [15℄. In the�rst ase, the zin atom replaes a group III atom (indium or gallium) and is�xed to the rystalline lattie with stronger interations that in the seond ase,where the atom oupies a tetraedri site between the lattie atoms. This sitehas been identi�ed by Chan [16℄ and Yu [17℄ with the help of X-ray di�rationmeasurements.In substitutional sites, zin atoms behave like aeptor dopants while theydevelop a ovalene link with the other atoms of the lattie. In interstitial sites,the zin element is a ation Znm+, wherem�e is the eletri harge of the ationand may vary from one theory to another [18{21℄. In interstitial site, zin doesnot partiipate to doping (it is even found sometimes that it has a tendenyto give eletrons to the lattie and therefore slightly ompensate for the dopingof zin atoms in substitutional sites [19℄). In addition, the interstitial zin ionshave weaker links to the lattie and therefore ontribute largely to di�usionproesses.Figure 5.8 Contribution to e�etive p-type doping and to di�usion of substi-tutional and interstitial zin elements.� � � � � � � � � � � � � � � 	 � � �
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We will see in the following disussion that the di�usion oeÆient will beall the greater sine the inorporation of zin atoms in substitutional sites islow.The proess of transformation of a zin atom in a substitutional site into aninterstitial Zn ation is desribed by the following hemial reation:Znm+i +VIII � Zn�s + (m+ 1)h (5.6)

☞ VIII is a group III atom vaany in the lattie
☞ h is a hole 146



5.1 Tunnel juntionsAssuming that this reation reahes steady-state more rapidly than any dif-fusion proess, the law of mass ation writes:Kpm+1[Zns℄ = [Zni℄[VIII℄
☞ p is the e�etive doping onentration
☞ [ ℄ indiates that we onsider the molar onentration
☞ K is a fator of proportionalityOn �rst approximation, only the interstitial zin ions ontribute to di�usion.The seond Fik law reads:�[Zns℄�t + �[Zni℄�t = ��x �Di�[Zni℄�t �
☞ The di�usion oeÆient assoiated to the interstitial zin ations Di is assumedonstant.Sine [Zns℄ >> [Zni℄, we derive:�[Zns℄�t = ��x �KDi(m+ 2)[VIII℄ [Zns℄m+1 �[Zns℄�t � (5.7)This equation an be read as a seond Fik law with a di�usion oeÆientproportional to [Zns℄m+1. If we take m = 1, and sine [Zns℄ >> [Zni℄ , thedi�usion oeÆient is proportional to the square of the total zin onentration.These assumptions atually predit quite well the main part of the availableexperimental data in our type of materials all showing a very abrupt impuritypro�le [15, 20, 22℄.The kik-out proess Even if the di�usion oeÆient of atoms in substitu-tional sites is negligible ompared to the one of ations in interstitial sites, weneed to report that the substitutional zin may also di�use inside the lattie.The hemial equation 5.6 should atually be seen as an equilibrium betweenthe two states of zin atoms.Figure 5.9 shows a di�usion mehanism proposed by Otsuka in 1996.Figure 5.9 Shematial desription of the kik-out phenomenon ourring inZn-doped III-V materials.
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5. Design of a single-transverse-mode bipolar asade laserSubstitutional zin beomes mobile via interstitial states. Some group IIIinterstitial atoms take the site of a substitutional zin atom (1). Then the zinatoms di�uses through the semiondutor in an interstitial state (2), until itsettles in another group III atom site (3) or �nds a group III vaany immobileor di�using in the opposite diretion.This phenomenon is worth mentioning sine it is quite spei� of heavyzin atoms. It is sometimes used on purpose for fabriating distributed-Bragg-reetor lasers. The di�used Zn atoms intermix the QWs and the barriersmaterials in order to prevent the fundamental absorption of QWs in one givenregion of the devie. Heavily-doped layers will be very lose to QWs regionsin our strutures. Therefore we must be aware of the risk of intermixing thatmight lead to a degradation of harateristis of the ative regions [23℄.Di�usion and inorporation limit The inorporation limit is the maximumonentration of zin inorporated in a substitutional site. This value dependsgreatly on the experimental onditions, and have urrently been found around2�1018 to 4�1019 atoms.m�3 (at 800 K, depending on the onsidered material)in our set of materials grown by MOCVD [10, 11, 20, 24, 25℄.Below this inorporation limit, the experimental di�usion data indiate avariation of the di�usion oeÆient with [Zn℄2, very muh in aordane withthe substitutional-interstitial proess desribed previously. Above the inorpo-ration limit, zin atoms are not anymore inorporated in substitutional sites.The additional zin atoms are inorporated in interstitial sites, the ondition ofderivation of equation 5.7 do no longer apply, the inorporation into an ativesite dereases and the di�usion dramatially inreases [10, 11, 20, 26℄.5.1.3.2 Inuene of the epitaxial growth parametersIn-situ doping is generally preferred to post-growth di�usion doping beausethe epitaxial surfae provides in-situ an in�nite soure of group III elementvaany. It is usually observed a higher inorporation into substitutional sites,and a lower di�usion oeÆient [13, 27℄.As we saw previously, the zin is quite well inorporated in substitutionalsites until its inorporation limit. Afterwards, all the additional atoms areinorporated in interstitial sites and ontribute largely to di�usion (and notto doping). The trade-o� of the preise good quantity of zin atoms availablefor inorporation is very aurate and the epitaxy parameters are numerous.Growing a good quality Zn-doped layer nearby the solubility limit thereforerequires a good ontrol of the parameters and a prieless experiene.We will disuss in this paragraph on the inuene of the growth parameterson the Zn di�usion proess.Flow of zin preursor The trade-o� obtained in terms of zin preursorow depends largely upon the other parameters (some of them are listed below).In the literature, optimal values vary over two orders of magnitude [11, 21, 24℄.Flow of group III and group V elements In a very general way, sine thezin atoms are ative when inorporated in a group III vaany, reduing thegroup III element ow and inreasing the group V element ow inreases thedoping level [13, 27℄. 148



5.1 Tunnel juntionsOverall pressure inside the reator It has been experimentally provedthat the solubility of zin in III-V semiondutors dereases while the overallpressure of the reator is inreased [13℄.Growth temperature The growth temperature T plays a ruial role in dop-ing pro�les. In addition, numerous growth parameters are very dependent uponthe temperature (for instane vapor pressure). The best growth temperatureannot be guessed from literature and one again, the experiene of the epitaxyengineers is our best asset.First onerning the inorporation level, it is well known that the zin solu-bility in III-V semiondutors inreases with temperature [13, 28℄. Nevertheless,if the temperature is too high, zin atoms are too muh evaporated on the sur-fae and the trade-o� zin atoms quantity available for inorporation annot bereahed [27, 29℄.Seondly, the di�usion oeÆient is proportional to a term borrowed to theBoltzmann statistis [19℄: D / exp��EakT � (5.8)
☞ k is the Boltzmann onstant
☞ The ativation energy Ea an be related to the energy needed for moving onedi�using partile from one stable site in the rystal to the next. The valuesfound in the literature are around Ea = 1:4� 2:0 eV [19℄.For a low di�usion of the already grown layers, it is preferable to lower thetemperature. Nonetheless, the temperature should not be too low neither. Ifthe growth temperature is too low, the PH3 pyrolyse will be less omplete, thusdereasing the group V element proportion in the reator. In addition, if thetemperature is too low, very few zin atoms will evaporate from the surfae.If the zin preursor ow is not adjusted in onsequene, the total zin atomsquantity available might exeed the trade-o� value and many zin elements willbe inorporated in interstitial sites, leading to an inreased di�usion [27℄.The growth temperature is therefore a parameter of utmost importane andshould be optimized arefully [30℄.Growth interruption Many groups report (and espeially for the growth ofthe n++-doped base layer in heterojuntion bipolar transistors) an improvementof the Zn pro�le while imposing a growth interruption under Zn-free environ-ment just before the Zn-highly-doped layer [13, 31℄. The growth interruptionallows for equilibrium to be reahed in the previously grown layers [32℄.Conlusion The disussion above explains how some di�erent parameters in-terat. The main onlusion that we an extrat from this disussion is thatthe trade-o� is extremely diÆult to enounter, espeially beause of the nu-merous parameters to be onsidered. As a onsequene, every epitaxy groupworks towards the optimization of their proess, but the reipe annot be easilytransmitted from one group to another. Thanks to many years of experiene, wemanaged at Thales Researh & Tehnology to obtain a set of abrupt-pro�led,highly-Zn-doped InGaAsP/InP materials. Our growth temperature is 650 ÆCfor a reator pressure of 200 mbars, the metalorgani zin preursor is DEZn,149



5. Design of a single-transverse-mode bipolar asade laserthe group III preursors are TMGa and TMIn, and the group V preursors areAsH3 and PH3.5.1.3.3 Inuene of the grown strutureSurprisingly as it may appear on �rst though, there are some serious argumentslaiming that the di�usion behavior will depend on the order of growth of thedi�erent materials. In partiular, a p-over-n and a n-over-p juntions will ex-hibit di�erent di�usion pro�les. This paragraph presents the asymmetry in thegrowth that an lead to this di�erent pro�les.Memory e�et The preursor gas used for zin doping is di-ethyl zin (DEZn)or di-methyl zin (DMZn). Its life-time inside the reator is quite long and somezin atoms are still present (and available for inorporation) after the p-typelayer is grown. This phenomenon is alled \segregation" and only alters thelayers following the p-type layer. Aording to the literature, this e�et is smallfor zin in our type of material [10, 13℄.Better Zn inorporation in n-type layers It has been reported that theinorporation of Zn (and more generally of aeptors) in InP was enhaned inn-type layers [24, 33, 34℄. The phenomenon is attributed to the formation of aomplex-donor-aeptor-pair.Role of the growth temperature Sine the di�usion oeÆient is higherat high temperature, the Zn-doped layer should be as lose as possible to thedevie surfae. A longer exposition to high temperature inreases the impuritiesmigration [26, 34℄.Built-in eletri �eld When growing a pn-juntion, a built-in eletri �eldarises, oriented from the n-type layer to the p-type layer. Interstitial Zn ionsare positively harged. They therefore will have a tendeny to drift towardsthe p-side. In the ase of a p-layer grown on a n-layer, interstitial zin drift tothe surfae and have a high probability to evaporate, whereas in the ase of an-over-p-juntion, interstitial zin will drift towards deeper layers.Conlusion Most of these remarks suggest to preferably grow a p-over-n-juntion. Nevertheless, sine we will work with n-type substrates, our tunneljuntion will be grown n-over-p.5.1.3.4 Inuene of the post-growth treatmentThis paragraph desribes the inuene on the Zn di�usion in our grown strutureof the treatment that the struture undergoes after growth.Thermal annealing It has been reported that a short period thermal anneal-ing at a high temperature (for instane 5 to 10 minutes at 440 ÆC) ativate theimpurities and inreases the eletrially ative doping onentration [4, 13, 27℄.150



5.1 Tunnel juntionsThis phenomenon is urrently attributed either to the evaporation of hydro-gen whih deativates substitutional zin atoms [13℄, or to the evaporation ofinterstitial zin themselves [4, 26℄.This thermal annealing should also be optimized beause a temperatureinrease favors di�usion.Post-growth ooling Aordingly to what was previously explained, andalso beause the interstitial zin solubility dereases while the temperature de-reases, interstitial zin atoms have a good opportunity to evaporate during theooling of the grown wafer (from 650 ÆC to room-temperature).Nevertheless, it has been reported that more zin atoms are inorporatedinto a substitutional site when the ooling is rapid [17℄. This study was realizedunder intentional di�usion onditions (doping by di�usion).Two steps epitaxy growth For the fabriation of distributed feedbak (DFB)lasers, the Bragg grating is usually buried inside the struture, and the epitaxy isusually performed in two steps. During the �rst step, the ative region(s) is(are)grown. At the end of the �rst step, a grating is printed on the surfae, using aholographi pattern. The wafer is then plaed again in the MOCVD reator toend its growth proess. During the seond step, the struture grown in the �rststep undergoes the growth onditions (and partiularly the high temperature:650 ÆC). Zn di�usion might take plae, possibly leading to a degradation of theeletro-optial harateristis of the laser struture.This problem is not relevant in the ase of the growth of Fabry-Perot lasers,grown in a single epitaxy step. For DFB lasers, one possible solution onsistsin fabriating the Bragg grating before growing the ative region(s). The ativeregion(s) is(are) then grown during the seond epitaxial step.5.1.3.5 Estimation of the material di�usion harateristisVery few systemati studies have been done on the di�usion oeÆients andthe inorporation limit of zin in In1�xGaxAsyP1�y. These harateristis arenevertheless available for the four binary alloys. Table 5.1 displays the di�usionoeÆients of zin in InP, GaP, InAs and GaAs.InP InAs GaP GaAsDi�usionoeÆient(m2.s�1) 7�10�8 3�10�9 10�9 6�10�10Maximuminorpora-tion (m�3) 2�1018 8�1018 8�1018 4�1019Table 5.1: Binary alloy di�usion oeÆients and maximum inorporation of Znatoms.
☞ The di�usion oeÆient have been found for an impurity onentration of 1019m�3, at 1000 ÆC for GaAs and GaP, 800 ÆC for InP, and 700 ÆC for InAs [35℄.The values are ompatible with the one found in [15℄ for InP, GaAs, GaP, andInAs. 151



5. Design of a single-transverse-mode bipolar asade laser
☞ The maximum inorporation values represent the maximum doping onentra-tion obtained in MOCVD for InP [10{13, 20, 24, 27℄, and for GaAs [4, 19, 22℄.Sine very few inorporation values have been found in GaP and InAs grown byMOCVD, we have applied a proportionality oeÆient between the maximuminorporation of InP and InAs (resp. GaAs and GaP) found in [35℄.Use of the Vegard law When no experimental data is available for alloysharateristi, we usually use the Vegard law. As a funtion of the omposition xand y, we an give an estimation of the di�usion oeÆient and the inorporationlimit of zin in In1�xGaxAsyP1�y lattie-mathed to InP, as a funtion of y.Figure 5.10 displays the evolution of the estimated di�usion oeÆient andinorporation limit as a funtion of the arseni onentration.Figure 5.10 Di�usion oeÆient and inorporation limit of zin inIn1�xGaxAsyP1�y estimated from the Vegard law. Additional experimentaldata are from [19, 36, 37℄.
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5.1 Tunnel juntionsand a MOCVD inorporation limit of 1:3� 1019 m�3. It seems therefore to bepossible to ahieve a tunnel juntion Zn-doped to 5� 1018 m�3.Di�usion length due to thermal annealing Following the onlusions ofthe literature review, we apply to our struture a thermal annealing, in order toativate the dopants. In addition, a thermal annealing at the same temperatureis also neessary in the proess of fabriation of the platinium p-type ontat.These two annealing proesses an be performed in one single in order to reduepost-growth thermal treatment. However, we do not want this post-epitaxy-growth heating to trouble the Zn distribution near the tunnel juntion. Knowingthe temperature (440 ÆC) and the time (60 s) of the thermal annealing, we antry to alulate the di�usion length of the zin atoms. If the di�usion lengthis in the order of magnitude of the total width of the tunnel juntion, then theharateristis will probably be degraded.As we know quite well the di�usion harateristis of Zn in InP and GaAs,we an alulate the di�usion length expeted in InP and GaAs for the samethermal annealing. The di�usion length in In1�xGaxAsyP1�y alloy should thenlie between the two. We an also try to estimate it with the di�usion oeÆientfound by applying the Vegard law:ÆxGaAs < ÆxIn1�xGaxAsyP1�y ' ÆxVegard < ÆxInP0:1 �A < dxIn1�xGaxAsyP1�y ' 0:7 nm < 8:9 nmConsidering that we an aept a few perents of di�usion for our tunneljuntion in order not to loose in the thermal annealing the high-doping onen-tration inorporated by MOCVD whih would degrade the eletrial harater-istis, we have deided to grow a tunnel juntion onsisting of a 25-nm widep++-type, and a 25-nm wide n++-type layer.5.1.4 Experimental ahievements5.1.4.1 Desription of the test-strutureThe previous paragraphs desribe the trades-o� that have been found for de-signing a low-resistivity tunnel juntion. Following the previous onlusions,we have grown a tunnel-test-struture intended to be as similar as possible tothe tunnel juntion eventually implemented in our bipolar asade laser. Thematerial onstituting the tunnel juntion is InGaAsP �PL = 1:35 �m. The in-tended dopant onentration is the same for n-side (Si atoms) and p-side (Znatoms) and equals 5 � 1018 m�3, whih is lose to the inorporation limit ofZn atoms in InGaAsP. The layers onstituting the tunnel juntion are 25 nm-wide and are surrounded by InP layers. In order to reprodue as aurately aspossible the growth onditions of the tunnel juntion inorporated in the futurebipolar asade laser, we have grown the heavily-doped n-type layer on top ofthe heavily-doped p-type layer. We have also used the same n-type InP sub-strate. It was onsequently neessary to grow an InP-based pn-juntion beforethe heavily-doped tunnel juntion under study.On �gure 5.11-(a) is displayed the suession of the semiondutor layersonstituting the tunnel-test-struture. 153



5. Design of a single-transverse-mode bipolar asade laserFigure 5.11 Desription of the test-struture.Layer width doping (m�3)InP 0.5 �m n: 1018�PL = 1:35 �m 25 nm n: 5� 1018�PL = 1:35 �m 25 nm p: 5� 1018InP 0.1 �m p: 1018�PL = 1:35 �m 0.5 �m p: 5� 1018InP 0.1 �m p: 1018InP 0.5 �m n: 1018(a) Suession of semiondutor layers
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(b) Shemati of the tehno-logial proess (the dotted pat-tern represents InGaAsP �PL =1:35 �m material)A shematial representation of the tehnologial proess of the ethed test-struture is shown on �gure 5.11-(b). In order to obtain an aurate measure-ment of the tunnel juntion harateristis, we have delimited a ` = 300 �m-large ridge and ethed entirely the tunnel juntion by stopping the wet ethingon an InGaAsP (�PL = 1:35 �m) stop-layer grown here on purpose. We havethen deposited a n-type ontat (Au) on top of the ridge, and a p-type ontat(Pt-Au) very similar to the one that will be deposited on the BCL. The bak-surfae n-type ontat is also similar to other tehnologial proesses (Au-Mo-Au). The p-type ontat is annealed (60 seonds, 440 ÆC) to melt the platiniumwith the semiondutor layers. The wafer is then leaved into test-devie barsof di�erent length L, varying from 300 �m to 900 �m.5.1.4.2 Current-voltage harateristisIn order to hek beforehand the low-resistivity of the ontat resistane, we haveperformed 4-probe Transmission Line Method (TLM) measurements for the n-type and for the p-type top ontats. The priniple of the 4-probe measurementand of the TLM method are desribed in detail in annex C. These sets ofmeasurements give a good estimation of the ontat resistanes. The ontatresistanes are estimated to be of 8.9�10�5 
.m2 for the n-type ontat and1.7�10�4 
.m2 for the p-type ontat.Then we onsider the tunnel-test-struture as a three-terminal devie. PointA is the top n-type ontat, point B is the p-type ontat and point C is thebak-surfae n-type ontat, as it is shematially shown on �gure 5.12.Aording to the voltage law of additivity, the V (I) harateristi of thetunnel juntion writes:8><>: VAC(I) = RnI + Vtunnel(I) + V InPdiode(I) +R bakontatIVBC(I) = RpI + V InPdiode(I) +R bakontatI) Vtunnel(I) = VAC(I)�RnI � VBC(I) +RpI (5.9)154



5.1 Tunnel juntions
☞ Rn;p is the n; p-type ontat resistane.
☞ V is the voltage drop, while I is the urrent owing through the devie.Figure 5.12 Shemati of the three terminal devie used for indiret measure-ment of the tunnel juntion harateristis.

n-type contactPoint A

Point B

Point C

Vtunnel

Vdiode Vdiode

Figure 5.13 presents the measured VAC and VBC as well as the alulatedVtunnel as a funtion of the urrent owing through the juntion. We are hereonly interested in the bakward urrent through the tunnel juntion (forwardthrough the InP diode). These measurements are performed for a 300 �mdevie and have been ahieved using the 4-terminal tehnique to inrease themeasurement auray.Figure 5.13 Indiret voltage-urrent harateristi measurement of the tunneljuntion for a 300-�m-long tunnel-test-devie.
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The tunnel juntion exhibits a di�erential resistane below 1 
 after 150 mA.The voltage threshold for ativating the tunnel urrent is in the order of 0.7 V155



5. Design of a single-transverse-mode bipolar asade laserwhih is higher than the few mV predited by the simulation (see �gure 5.4).In addition, another important feature needs to be related here: measurementshave not been done over a few hundreds of mA beause the devie ould notsupport more. The point of destrution typially lies between 200 and 500 mADC, and did not vary muh with the devie length.For a given voltage bias, there an exist several urrent pathways. Due toexisting defaults on the leaved faets, it is of major interest to estimate theproportion of urrent owing through the volume devie and running along thefaets. For eah voltage bias applied on the tunnel juntion, we alulate theurrent I owing through the tunnel juntion as a funtion of the devie length.The urrent writes:I = Ifaets + Ivol (5.10)= V � 2`Rfaets + 2LRridge + `� LRvol � (5.11)= 2� V � `Rfaets + L��`� VRvol + 2� VRridge� (5.12)
☞ Ifaets is the surfae urrent running along the faets and assumed to be propor-tional to 2� `
☞ Ivol is the volume urrent assumed to be proportional to L� `
☞ Rfaets is the surfae faets resistane expressed in 
.m
☞ Rridge is the surfae ridge-side resistane expressed in 
.m
☞ Rvol is the volume resistane expressed in 
.m2In our model, the surfae faet urrent remains onstant while inreasing thelength of the devie. While measuring the devie resistane as a funtion of thedevie length, the ridge-side surfae urrent an not be disriminated from thevolume urrent. We will therefore onsider that there is no ridge-side urrentowing through the devie. The linear interpolation enables to estimate at agiven voltage bias Vtunnel the amount of surfae urrent. A 900-�m-long deviegives us a seond point for a linear regression. We display on �gure 5.14 theurrent owing through the devie (surfae and volume) for a 300-�m-long andfor a 900-�m-long devie, as well as the estimated surfae urrent along theleaved faets.Although its proportion tends to derease with inreasing Vtunnel, the surfaeurrent still represents 28% of the urrent owing through the 900-�m devie(and almost 50% for the 300-�m devie) at 0.8 V applied on the tunnel jun-tion. This important faet urrent leakage is one of the hypothesis that ouldexplain the damages aused to the devies for urrent exeeding 500 mA, quiteindependently of the length of the devie.It should be noted here that this problem is well known and several teh-niques exist to limit its e�et [38{40℄. Nevertheless, we did not have the tehnialopportunity to arry out suh passivation proesses on our devies.156



5.1 Tunnel juntionsFigure 5.14 Estimation of the surfae urrent running along the faets as afuntion of the applied voltage.
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5.1.4.3 Estimation of the tunnel juntion resistane while imple-mented in a real laserBeause of this important surfae urrent pathway, it is rather diÆult to es-timate the behaviour, and in partiular the di�erential resistane that wouldexhibit a tunnel juntion inorporated in a laser devie.We therefore present on �gure 5.15 the raw data (diretly from the exper-iment) of the di�erential resistane exhibited by the 300-�m-long devie as afuntion of the urrent (surfae and volume) owing through.Figure 5.15 Di�erential resistane measured for the tunnel juntion of thetest-struture (raw data).
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5. Design of a single-transverse-mode bipolar asade laserresistane estimation for the laser devie is very low. The average resistanebetween 300 mA and 450 mA gives the value of 0.21 
 (orresponding to anestimation of 42 
 for the tunnel juntion inorporated in a laser struture).But the estimated resistane values su�er from a very high variability. Theauray of the estimation ould be enhaned by measuring the resistane of asmaller devie, whih was not experimentally possible in our on�guration. Inaddition, we are experimentally limited to a urrent orresponding to 2.5 mAfor the 3 �m � 300 �m devie beause of tunnel-test-struture degradation over500 mA.Within all these very strong unertainties, we �nally obtain an estimation ofthe di�erential resistane of approximately 42 
 at 2.5 mA for the 3 �m � 300�m devie. Even if still dereasing while inreasing the applied urrent, thisvalue is very high ompared to the alulated urrent-voltage harateristispresented earlier in this hapter (see �gure 5.4 on page 141).
5.1.4.4 SIMS measurements of the tunnel juntion diretly on thelaser struturesThe doping level and the doping distribution are the main unertainties on-erning the experimental devies. We have seen in previous setions that a smalldisrepany in the doping level ould lead to dramatially altered harateris-tis. We have performed SIMS measurements on the tunnel-test-struture andalso on a real BCL.Di�erent primary ions have been used to measure the onentration pro�leof the studied elements. Cesium ations for measuring the Si pro�le and themajoritary elements, and O+2 for measuring the Zn pro�le. The alibration aswell as the spatial resolution are always serious issues in all SIMS measurements.The rate of ething and the rate of extration of elements are both dependenton the semiondutor lattie. The alibration for Zn has been done here with aspei�ally grown struture. The alibration struture is omposed of InGaAsP,�PL = 1:35 �m, Zn-doped to 5�1018 m�3. This value has previously beenmeasured by polaron. For the other elements, the rate of ething and extrationare already available.Figure 5.16 displays a zoom of the tunnel juntion omposition in the tunnel-test-struture. Figure 5.17 displays a zoom of the tunnel juntion ompositioninorporated in a real BCL (devie B2, desribed in more details in setion 5.2.2on page 165). The onentration of Zn and Si are shown in atoms.m�3, whihmeans that they have been alibrated before hand.The SIMS measurement on the test-tunnel-struture proves that it is possibleto ahieve 5� 1018 atoms.m�3 of Zn onentration in deep layers of InGaAsP�PL = 1:35 �m. Nevertheless, it is not possible to ompletely evaluate thedoping onentration in the tunnel juntion. The measured pro�le is quite steep,proving that there is little di�usion, but the value does not reah the intendedvalue, whih an be explained though by the low experimental resolution.158



5.1 Tunnel juntionsFigure 5.16 SIMS measurement performed on the tunnel-test-struture.
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Figure 5.17 Zoom of the SIMS measurement of the tunnel juntion inorpo-rated in struture B2 (desribed in setion 5.2.2).
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There is no big di�erene between the dopant distribution of the tunnel-test-struture and the tunnel juntion implemented in the BCL. The dopant pro�leis in both ases very sharp, with little residual di�usion, even for Zn atoms. Inaddition, the measured doping levels are very lose to the intended levels, andare even higher for the tunnel juntion implemented in the laser struture.In brief, no de�nitive onlusion an be drawn beause of the poor resolutionof SIMS measurements (10 nm at best) and the unertainty in the alibration.The main feature to be observed is the inorporation in Si-doped layer of Znatoms that have di�used from the Zn-doped layers. Even if the phenomenon is159



5. Design of a single-transverse-mode bipolar asade laservery limited, the devie harateristis are, aording to the model simulations,very sensitive to small doping level di�erene or to a bad sharpness of theinterfaes.5.2 Bipolar asade lasersIn the preeding setion, we met a trade-o� both for the hoie of the material(InGaAsP, �PL = 1:35 �m, doped to 5� 1018 m�3), and for the hoie of thewidth of the tunnel juntion layers (25 nm eah).Taking these optimizations for granted, we now desribe the design of therest of the struture, beginning with an issue that arries some interest onlyfor bipolar asade lasers: the width of the large band-gap urrent on�nementlayers.5.2.1 Optimization of the eletrial on�nement barriers5.2.1.1 IntrodutionA bipolar asade laser onsists in several stages of ative regions monolithi-ally staked; eah one should inlude at least one quantum well, and eletrialon�nement layers. In the InGaAsP/InP material system used for 1.55-�m-emission wavelength, these on�nement layers usually onsist in InP, whih hasa larger gap than InGaAsP, and a lower refrative index. In order to improvethe wave on�nement (and the overlap of the optial mode with QWs), theseInP layers have to be redued to minimum width. However, if the layer is toonarrow, arriers annot be eÆiently on�ned, resulting in important leakageover-barrier and poor laser harateristis. A ompromise has to be found, andannot be easily guessed from ommonly used tools.5.2.1.2 Presentation of the designed struturesWe have used the self-onsistent model desribed in hapter 4 to design andompare �ve single-mode strutures. Eah avity inludes two ative regionsseparated by one Esaki tunnel juntions. The ative regions onsist of InGaAsP(�PL = 1:2 �m) barriers and one InGaAsP (�PL = 1:7 �m) 7.4-nm-wide QW,for a 1.55-�m emission. As disussed previously, the tunnel juntions are madeof one n-type, and one p-type 25-nm-wide, highly doped (5 � 1018 m�3) In-GaAsP (�PL = 1:35 �m) layers. The tunnel juntions are surrounded by n-doped (1 � 1018 m�3) and p-doped (7 � 1017 m�3) InP urrent on�nementlayers that prevent eletrons (on the p++-side) and holes (on the n++-side) fromleaking over and being transported to the next ative region by the high ele-tri �eld of the Esaki juntion. Figure 5.18 presents one of these strutures atthermodynami equilibrium (unique Fermi-level). We point out the QWs andthe InP urrent on�nement layers, whih are the objet under study in thissetion. 160



5.2 Bipolar asade lasersFigure 5.18 Two-ative region bipolar asade struture with 50-nm barrierwidth at thermodynami equilibrium. The dashed line is the Fermi-level.
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In an e�ort to deorrelate the e�et of the hange in urrent on�nementbarrier width from other e�ets, the total width of the optial waveguide iskept onstant and equal to 420 nm. Therefore, as we inrease the width of theon�nement layers, the width of InGaAsP (�PL = 1:2 �m) layers dereases. Wehave also kept the QW in the middle of the barrier layers. The strutures haveInP on�nement layers varying in width from 10 nm to 70 nm.We then performed the simulation of the omplex (pn)-(n++p++)-(pn) single-mode strutures with our fully onsistent transport model desribed in detailin hapter 4. We remind here that the model is ompatible with band-to-bandtunneling, with multi-quantum-well strutures and relies on Fermi-Dira statis-ti.Optial losses mainly arise from the overlap of the single-optial mode withhighly-doped tunnel-juntion layers and on�nement layers. Free arrier lossesare estimated with a linear model:�f(z) = �nn(z) + �pp(z)where �n (resp. �p) is the free arrier ross setion and is taken to be 3 �10�18m�2 (resp. 20�10�18 m�2), as already desribed in setion 5.1. No additionalsattering losses are introdued in the alulation.5.2.1.3 Results of the simulationFigure 5.19 shows the band diagram obtained for the 20-nm struture, and forthe 40-nm struture at Jref = 10 kA.m�2 urrent density.161



5. Design of a single-transverse-mode bipolar asade laserFigure 5.19 Bipolar asade laser struture with 20-nm and 40-nm barrierwidth at 10 kA.m�2 bias urrent. On the right axis is shown the eletronurrent. The dashed lines are the quasi-Fermi-level.
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Both exhibit the stairase like shape harateristi of BCL whih was in-tuitively desribed in the literature [41, 42℄. A publiation relating this workalulates this band diagram under urrent bias for the �rst time [43℄. We havehosen to ompare the band diagram for the same urrent, therefore the voltagebias di�ers slightly.The most notieable feature is the representation along the struture of theurrent arried by the eletrons whih is drawn on the right axis. The totalurrent ow is the same in both devies, is onserved along the struture andequals 10 kA.m�2. The total urrent is simply the sum of the urrent arriedby eletrons and the urrent arried by holes. Therefore the eletron urrentgoing bak to zero implies that all the urrent is arried by holes (as in the aseof the p-type region of the left-most ative region of �gure 5.19) whereas aneletron urrent of 10 kA.m�2 indiates that the urrent is entirely arried byeletrons. For both strutures, an inrease in the eletron urrent (ourring inthe QWs) means that arriers reombine, whereas a drop in the eletron urrent(ourring in the TJs) means that arriers are generated.For the 20-nm struture, in the p-type material of the seond pn gain jun-tion, 43% of the total urrent is still arried by eletrons, proving that a non-negligible ow of eletrons leaks over the 20-nm InP barriers. On the otherhand, in all p-type materials of the 40-nm struture, the urrent is almost en-tirely (> 99%) arried by holes. All the eletron urrent reombines in the162



5.2 Bipolar asade lasersright-most QW region (f. �gure 5.19), it is then regenerated in the Esaki TJwhih ats as an eletron-hole pair soure, and is fully available for another re-ombination in the seond ative layer. A 40-nm InP barrier almost ompletelyprevents eletron urrent leakage in these strutures for 10 kA.m�2.Figure 5.20 displays the optial power predited by the simulation for eahdevie.Figure 5.20 Power-versus-urrent and voltage-versus-urrent harateristis ofbipolar asade laser strutures with urrent on�nement width varying from10 nm to 50 nm.
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For inreasing InP barrier width, the urrent leakage is redued and the ex-ternal eÆieny inreases. After 40 nm, the barrier is wide enough to ompletelyprevent leakage, and an additional inrease does not modify the harateristisbelow 10 kA.m�2. The 50-nm harateristi reahes 121% external eÆieny(orresponding to 0:49 W/A per faet) in our simulation, proving that the sim-ulation takes into aount arrier reyling.The dashed lines are the V(J) harateristis alulated for the 10-nm andfor the 50-nm devies. The threshold voltage is relatively high (of the orderof 3 V), and is also harateristi of BCL (see [41, 42, 44℄ and of ourse theexperimental setion 5.2.2 of this hapter for experimental data).There are however several arguments in favor of reduing as muh as possiblethe use of InP layers. Firstly, InP doped to 1018 (n- or p-type) introdue addi-tional free-arrier losses in the struture. Seondly, the arrier bloking layers,in our set of materials, have a lower refrative index than the urrently used op-tial guiding material. Inserting InP bloking layers will lead to dereasing thee�etive refrative index of the fundamental mode. These two drawbaks aretaken into aount in the simulation: �gure 5.21 displays the evolution of theoverlap of the optial mode with the QWs, of the optial mode with the dopedlayers (tunnel juntion and InP arrier stopper layers), as well as the e�etiverefrative index of the vertial struture at a urrent bias of 10 kA.m�2.163



5. Design of a single-transverse-mode bipolar asade laserFigure 5.21 Evolution of the overlap of the optial mode with QWs, of theoverlap of the optial mode with the doped layers and of the modal e�etiverefrative index, as a funtion of the width of the urrent on�nement layers, asalulated by the simulation.
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Inreasing the barrier width leads to a derease of the e�etive refrativeindex. The resulting e�et is a derease in the vertial optial on�nementwhih implies a lower overlap with the ative regions. In addition, the totalwidth of doped layers inreases. Therefore the overlap of the optial modeinreases slightly while inreasing the width of the InP layers. The e�et isnot very strong however, beause the optial on�nement is lower and thus lessoptial power also lies on the highly-doped tunnel juntion layers. The free-arrier losses typially lie around 5 to 6 m�1.5.2.1.4 Disussion on the resultsFor these partiular strutures, a on�nement layer of 40 nm ensures less than1% arrier leakage while minimizing the doped layers overlap. Investigatingother types of strutures (several QWs per ative regions, more than two ativeregions), we found out that this optimal width an vary from one struturedesign to another, depending mainly on the resistivity of the urrent pathwaysprovided to the eletrons by the overall struture (either through the tunnelingproess, or over the barrier).The non-linearity in the 30-nm struture on �gure 5.20 is attributed to band�lling, whih results in more eletrons available for leaking over at a high biasurrent. 30-nm and 50-nm strutures are very similar below 8 kA.m�2 (thedi�erene might be explained by the free-arrier absorption and the di�erenein the QWs overlap). Above 10 kA.m�2, the 50-nm struture stays linear,whereas some urrent begins leaking over for the 30-nm struture.The asymmetry in leakage ourring in the 20-nm struture omes from thedi�erene of eletron and hole density of state e�etive masses. Holes are farless mobile than eletrons (their e�etive mass is one order of magnitude higherthan that of eletrons), and the 20-nm barrier is already suÆient to stop holesfrom leaking over (see also [45℄). For this reason, we have designed one more164



5.2 Bipolar asade lasersstruture with only eletron on�ning barriers and no hole on�ning barriers.Figure 5.22 shows the band diagram at Jref = 10 kA.m�2 of a struture with40 nm eletron-stopper barrier, and no hole-stopper barrier. The leakage is aslow as the one found for the same struture with a hole-stopper barrier (< 1%),but the e�etive index (3.269) and the overlap with doped layers (12.85%) havevalues omparable with the 20 nm struture.Figure 5.22 Band diagram of a bipolar asade laser struture without any holeon�nement layer. The eletron on�nement layer is suÆient for obtaining lessthan 2 % leakage.
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5.2.2 Experimental ahievements5.2.2.1 Desription of the grown struturesWe have grown two sets of bipolar asade strutures. The �rst set (set A) isomposed of 2 ative regions, four QWs per ative region, and was grown in onesingle step (no epitaxy regrowth, and no buried Bragg grating). The seond set(set B) is omposed of three ative regions with two QWs per ative regions,and inludes a Bragg grating for longitudinal mode seletion, whih thereforehas neessitated an epitaxial regrowth.The following tables display the suession of epitaxial layers of struturesA1, A2, B1, and B2. \Q" stands for \Quaternary alloy", followed by the band-gap energy expressed in wavelength: e.g. \Q1.2" stands for InGaAsP �PL =1:2 �m
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5. Design of a single-transverse-mode bipolar asade laserStruture A1Layer Width Doping(m�3)Contat layers 0.5 �m p: > 1018InP 1.5 �m p: 1018Q1.2 10 nm p: 1018InP 60 nm p: 7� 1017Q1.2 110 nm p: 3� 10174 QWs / Q1.2 barriers 74 �A/ 60 �A -Q1.2 30 nm n: 3� 1017InP (Hole stopper) 35 nm n: 1018Q1.35 (tunnel juntion) 25 nm n: 5� 1018Q1.35 (tunnel juntion) 25 nm p: 5� 1018InP (Eletron stopper) 35 nm p: 7� 1017Q1.2 30 nm p: 3� 10172 QWs / Q1.2 barriers 74 �A/ 60 �A -Q1.2 110 nm n: 3� 1017InP (substrate) 100 �m n: 1018

Struture A2Layer Width Doping(m�3)Contat layers 0.5 �m p: > 1018InP 1.5 �m p: 1018Q1.2 10 nm p: 1018InP 70 nm p: 7� 1017Q1.2 110 nm p: 3� 10174 QWs / Q1.2 barriers 74 �A/ 60 �A -Q1.2 30 nm n: 3� 1017Q1.35 (tunnel juntion) 25 nm n: 5� 1018Q1.35 (tunnel juntion) 25 nm p: 5� 1018InP (Eletron stopper) 35 nm p: 7� 1017Q1.2 30 nm p: 3� 10172 QWs / Q1.2 barriers 74 �A/ 60 �A -Q1.2 110 nm n: 3� 1017InP (substrate) 100 �m n: 1018166



5.2 Bipolar asade lasersStruture B1Layer Width Doping(m�3)Contat layers 0.5 �m p: > 1018InP 1.5 �m p: 1018Bragg grating layer 110 nm p: 1018InP 40 nm p: 1018Q1.2 60 nm -2 QWs / Q1.2 barriers 74 �A/ 115 �A -Q1.2 30 nm -Q1.35 (tunnel juntion) 25 nm n: 5� 1018Q1.35 (tunnel juntion) 25 nm p: 5� 1018Q1.2 40 nm -2 QWs / Q1.2 barriers 74 �A/ 115 �A -Q1.2 40 nm -Q1.35 (tunnel juntion) 25 nm n: 5� 1018Q1.35 (tunnel juntion) 25 nm p: 5� 1018Q1.2 30 nm -2 QWs / Q1.2 barriers 74 �A/ 115 �A -Q1.2 60 nm -InP (substrate) 100 �m n: 1018Struture B2Layer Width Doping(m�3)Contat layers 0.5 �m p: > 1018InP 1.5 �m p: 1018Bragg grating layer 110 nm p: 1018InP 40 nm p: 1018Q1.2 86 nm p: 3� 10172 QWs / Q1.2 barriers 74 �A/ 60 �A -Q1.2 15 nm n: 3� 1017InP (hole-stopper) 25 nm n: 1018Q1.35 (tunnel juntion) 25 nm n: 5� 1018Q1.35 (tunnel juntion) 25 nm p: 5� 1018InP (eletron-stopper) 25 nm p: 1018Q1.2 15 nm p: 3� 10172 QWs / Q1.2 barriers 74 �A/ 60 �A -Q1.2 15 nm n: 3� 1017InP (hole-stopper) 25 nm n: 1018Q1.35 (tunnel juntion) 25 nm n: 5� 1018Q1.35 (tunnel juntion) 25 nm p: 5� 1018InP (eletron-stopper) 25 nm p: 1018Q1.2 15 nm p: 3� 10172 QWs / Q1.2 barriers 74 �A/ 60 �A -Q1.2 86 nm n: 3� 1017InP (substrate) 100 �m n: 1018167



5. Design of a single-transverse-mode bipolar asade laserThe strutures were designed to allow only the fundamental transverse-modeemission (see �gures 5.23-(a) and -(b) for the optial mode distribution). Fur-thermore, two strutures belonging to the same set display very similar optialmode properties. For a reason still not ompletely lear at the moment, stru-ture B2 was emitting only spontaneous light, and it has not been possible totrigger the stimulated emission proess leading to laser emission.Figure 5.23 Optial mode alulation inside the two struture sets. Struturesbelonging to the same set exhibit very similar optial mode behavior.
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(a) Modal distribution of struture A1, belonging toset A
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(b) Modal distribution of struture B2, belonging toset BIn the following disussion, we will present a list of relevant thematial har-aterization that will enable us to understand somewhat the behavior of thedi�erent strutures. The tehnologial proess (inluding the width and thedepth of the ridge) may vary with the strutures and with the type of hara-terization. There are mainly two types of tehnologial proess: a shallow ridgeand a deep ridge proess.The shallow ridge is usually proessed into a \narrow" waveguide (< 10 �m).We hemially eth the 1.5-�m-InP layer on top of the ative regions. Theoptial guiding is obtained by evanesent oupling of the optial mode with thepassive ridge struture.The deep ridge annot be proessed on ridges narrower than 10 �m (usuallybetween 20 �m and 100 �m). In this ase the whole ative layers are ethed,inluding all the multi-quantum well layers and the tunnel juntion layers. Thewet ething is stopped in the substrate.For eah haraterization, we will indiate the type of tehnologial proessthat has been used.5.2.2.2 Inuene of the urrent bloking layers on the V(I) hara-teristisStruture B2 is very similar to struture B1. The main di�erene is the addi-tional very thin (25 nm) InP layers surrounding the tunnel juntions of stru-ture B2. Figure 5.24 displays the omparison between the V(I) harateristi ofstrutures B1 and B2. The measurements have been arried out for 900 �m-long� 3 �m-large ridge devies in both ases.168



5.2 Bipolar asade lasersFigure 5.24 Comparison of the urrent-voltage harateristi of struture B1and B2.
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The V(I) harateristi of struture B1 exhibits a voltage threshold of ap-proximately 1 V. The series di�erential resistane at 5 kA.m�2 is lose to 2.4
. Meanwhile, the V(I) harateristi of struture B2 exhibits a muh highervoltage threshold of almost 3 V. The series resistane at 5 kA.m�2 for B2 isalso higher, in the order of 6.6 
. Despite the highly-doped tunnel juntions,the voltage-urrent harateristi of struture B1 is very similar to single-ative-juntion lasers. On the ontrary, struture B2 needs a voltage drop three timeshigher to allow the urrent going through, in agreement with what was previ-ously alulated in setion 5.2.1 for BCL. In order to understand the behaviourof struture B1, we have used a simulation software, Harold, developed by theuniversity of Madrid for modeling MQW lasers [46℄. This model does not a-ount for band-to-band tunneling. The result is displayed on �gure 5.25 andis ompared to the result of the simulation of struture B2 with our modelompatible with band-to-band tunneling.In good agreement with what was desribed in setion 5.2.1, sine no large-band-gap material prevents arriers from leaking over the tunnel juntions instruture B1, the urrent is spread among all the ative regions, and the laserbehaves very similarly (eletrially speaking) to a single-ative-region laser, withno arrier reyling. The V (I) harateristi is only slightly perturbated by thehighly-doped layers inside the InGaAsP barriers. For struture B2 however, theurrent pathway is forbidden and the urrent ows through the tunnel juntion,desending the ative-regions stairase. More voltage is then neessary to allowthe urrent through the devie. 169



5. Design of a single-transverse-mode bipolar asade laserFigure 5.25 Comparison of the alulated band diagram of struture B1 andB2. The band diagram of struture B1 was obtained with a model that doesnot take into aount band-to-band tunneling, the band diagram of strutureB2 was obtained with our model ompatible with tunnel juntion. On the rightaxis is represented the eletron urrent.
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(b) Struture B2, simulated with the modeldesribed in hapter 4.In setion 5.2.1, we notied that the arrier leakage was asymmetri. Pre-venting eletron leakage was found to be suÆient to ensure a good arrierreyling. In order to experimentally hek this assertion, struture A2 has anepitaxial sheme similar to struture A1 but the hole-stopper InP barrier hasbeen suppressed.Figure 5.26 displays the omparison of the V (I) harateristi of strutureA1 and A2. Both harateristis are obtained for 3 �m-wide � 300 �m-longdevies.Figure 5.26 Comparison of the urrent-voltage harateristi of struture A1and A2.
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In opposition with what was alulated with our self-onsistent model, stru-ture A2 experienes over-barrier leakage (probably hole leakage) and exhibits170



5.2 Bipolar asade lasersV (I) harateristis very similar to single-ative-region lasers. This experimen-tal di�erene with theory an be attributed to a tunnel resistivity higher thanexpeted.5.2.2.3 Inuene of the highly-doped tunnel juntions on the intrin-si lossesA widespread method for measuring laser intrinsi losses is to make a linearapproximation of the evolution of 1�d as a funtion of the length of the avity.This method is desribed in details in appendix C and an only be used abovethreshold. As a onsequene, it was not possible to use it for struture B2, sinestruture B2 does not exhibit a laser e�et (only spontaneous light is emitted,for a urrently not ompletely lear reason).In order to investigate the inuene of the presene of highly-doped layersin the middle of an ative region, we have built-up a transmission-based lossmeasurement set up depited on �gure 5.27. With this set-up it is possible toevaluate the intrinsi losses of the non-lasing struture B2.Figure 5.27Measurement set-up for the determination of the transmission loss,in partiular in struture B2.
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A wide spetrum light soure (spontaneous emission from an erbium-doped�ber ampli�er EDFA) is injeted in one side of the devie under study. Anoptial spetrum analyzer ollets and analyzes the light transmitted throughthe devie waveguide. An analytial method, similar to the one proposed byHakki and Paoli [47℄ enables then to obtain the absolute value of the modalspetral transmission loss, by the omparison between minima and maxima ofthe Fabry-Perot interferene franges. This method is desribed in details inappendix C.Figure 5.28-(a) displays an example of the measurements performed withthis set-up for struture B2. Meanwhile, �gure 5.28-(b) shows the omparisonof the intrinsi loss measured for struture B1 and B2 with a referene strutureinluding one single-ative region and 6 QWs. In opposition with struturesB1 and B2, the referene struture does not inlude highly-doped layers in themiddle of the optial waveguide. Struture B2 was tehnologially proessedinto shallow ridge strutures with varying ridge width from 1.5 �m to 5 �m. Allthe measurements are performed on unbiased devies.171



5. Design of a single-transverse-mode bipolar asade laserFigure 5.28 Measurements of modal losses for omparing strutures inludinghighly-doped layers and a referene struture with no highly-doped layers.
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(b) Comparison of measured losses for � =1:35 �m, between strutures B1, B2 and a ref-erene strutureAll the loss measurements, for strutures B1, B2 and for the referene stru-ture approximately fall into the same range. Most of the measurements per-formed on struture B2 demonstrated even smaller losses than the referene 6QWs-struture. The highly-doped tunnel juntion and arrier-stopper layers donot seem to inrease dramatially the intrinsi losses of the waveguides.As a onlusion, we an say that the heavily-doped layers do not dramatiallyinrease the intrinsi modal losses.5.2.2.4 Estimation of the faet surfae urrent for BCLWe have seen in setion 5.1 while haraterizing the tunnel juntion, that thefaet urrent was playing a very important role in the total urrent owingthrough the devie.In order to estimate the faet urrent for the lasers inluding a tunnel jun-tion, we ompare, for a given voltage bias applied on the whole devie, theurrent owing through struture A1, proessed into 3-�m-wide ridge waveg-uides and lived into dies of length varying from 300 �m to 900 �m.As we did for the tunnel-test-struture, we alulate the regression line ofthe urrent as a funtion of the devie length and onsider that the intersetionof this regression line with the vertial-urrent axis gives a good estimation ofthe faet urrent.The results are presented in �gure 5.29. The measurements have been donefor DC voltage bias. 172



5.2 Bipolar asade lasersFigure 5.29 Estimation of the surfae urrent running along the faets forstruture A1 as a funtion of the applied voltage.
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In opposition with what was estimated for the tunnel-test-struture, theestimated faet urrent is reasonably limited and does not exeed 10% for the900-�m-long devie over the range 0-3.6 V. This \good surprise" is not learlyexplained and ould be due to the slight di�erenes in the struture fabriationproess.We an nonetheless onlude that despite the high volume resistivity, thefaet urrent is limited in struture A1.5.2.2.5 Inuene of the urrent spreadingWhile haraterizing the tunnel-test-struture, we notied the high resistivityof the tunnel juntion. This high resistivity is likely to trigger some urrentspreading in the diretion parallel to the interfaes as shematially presentedin �gure 5.30-(a).Figure 5.30 Tehnologially ethed strutures for investigation on urrentspreading phenomena.
(a) Shallow waveguidestruture (b) Deep waveguide stru-ture 173



5. Design of a single-transverse-mode bipolar asade laserThis urrent spreading, enhaned by the 1018-doped layers surrounding thetunnel juntion has been reported several times in the literature onerningbipolar asade lasers. For vertial avity BCLs (BCVCSELs), it is neessaryto on�ne the urrent by ething a mesa [21, 48{50℄ and subsequently makingan oxide aperture in layers between the ative juntions suh as in [21, 49, 50℄.Kn�odl et al. studied spei�ally the inuene of urrent spreading (and thus ofthe adjuntion of additional oxide apertures inside the avity to prevent it) onthe BCVCSEL harateristis [51, 52℄. They found that \urrent on�nement isa ritial issue for the design of high performane BCVCSELs" [52℄. Dereasingthe spaers between ative regions is presented as a possible solution. The sameteam also intended to use this high urrent spreading to indue a pro�tablebistability behavior [53, 54℄. Still in the VCSEL domain, tunnel juntion-indueurrent spreading is used to homogenize the urrent ow before it reahes theative layers [55℄. For edge-emitting BCLs, in the devies desribed in the liter-ature, the ethed mesa inludes the ative regions so that no urrent spreadingis possible [8, 56, 57℄.In order to estimate the inuene of the urrent spreading, we tehnologiallyproessed struture A1 into a 20-�m deep ridge struture, and into a 3-�mshallow ridge struture. A 20-�m-wide (resp. 3-�m-wide) photolithographimask leads to a 18-�m-wide (resp. 2.5-�m-wide) ridge struture. This di�ereneis taken into aount in every alulation, inluding the modal distributionalulation. We an then ompare the threshold urrent obtained for the deepridge struture (no urrent spreading is possible) and the shallow ridge struturewhere some urrent spreading ours. By assuming that the urrent density isthe same at threshold Jth for the two strutures (i.e. assuming that the optialinternal losses are the same for the two ridge strutures), we an write, fordevies of same length L:Jth = Ith(20) � Ifaets(20)w20 � L = Ith(3) � Ifaets(3)w3 � Lw3 = w20 � Ith(3) � Ifaets(3)Ith(20) � Ifaets(20) (5.13)
☞ Ith(w) is the measured urrent threshold for a w-�m-wide struture.
☞ Ifaets(w) is the estimated urrent owing through the faets at threshold for thew-�m-wide struture.The alulation of the surfae faet urrent of the 3-�m-wide struture hasalready been desribed in details previously, and was evaluated to be equal orlower than 10% for the 900-�m struture. For the derivation of the e�etiveurrent spreading width, we have taken a surfae urrent of 15% for the 3-�m� 600-�m struture, and 10% for the 3-�m � 900-�m struture. The samemeasurement is arried out for the 20-�m struture for whih we �nd a faetsurfae urrent of 6% for the 20-�m � 600-�m struture and 5% for the 20-�m� 900-�m struture.We ompute equation 5.13 for a devie length of 600 �m and 900 �m, andpresent the results in the following table. The urrent threshold measurementsare performed under pulsed onditions (200 ns every 200 �s) at 20 ÆC.174



5.2 Bipolar asade lasersDevie length Ith(3) Ith(20) Calulated w3600 �m 76 mA 122 mA 10 �m900 �m 122 mA 163 mA 13 �mThe urrent spreading at threshold is rather important in our 3-�m-widestrutures and lies around 10-13 �m.Nevertheless, as an be seen on �gure 5.31-(a), the optial-power-versus-urrent harateristi of lasers A1 (proessed into 3-�m shallow ridge struture)exhibits a slope aident at threshold. This feature may be explained by a sat-urable absorption proess in the seond ative region whih bene�ts, beause ofurrent spreading, from a lower arrier injetion density [50, 53, 54℄. However,beause the threshold is smooth and ontinuous, we mainly attribute this be-havior to a refoalization of the urrent at threshold. In order to on�rm thisassumption, we alulate the e�etive urrent spreading width using as a ur-rent threshold, Irefo(3) alulated as the intersetion of the horizontal-urrentaxis with the tangent of the power-versus-urrent harateristi above thresh-old. Figure 5.31-(a) displays the graphial estimation of the \e�etive" urrentthreshold after urrent refoalization, whereas the table inserted in �gure 5.31-(b) presents the alulated urrent spreading width values.Figure 5.31 Calulation of the urrent refoalization at threshold.
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5. Design of a single-transverse-mode bipolar asade laserial struture as lose as possible to struture A1, having undergone the sametehnologial steps and exhibiting a single-ative-region lasing behavior.These onditions are atually ful�lled by struture A2. Struture A1 andA2 have been designed to demonstrate almost exatly the same optial modebehavior (refrative index, overlap with QWs, overlap with highly-doped lay-ers...). The epitaxial strutures are similar exept for one single n-doped InPhole on�nement layer missing in struture A2. This lak of hole bloking lay-ers enables leakage over the arrier on�nement barriers and the voltage-versus-urrent harateristi of struture A2 proves that no arrier reyling is observedin this struture. The lasing behavior is similar to a single-ative-region laser.We ompare on �gure 5.32 and 5.33 the optial-power-versus-urrent har-ateristis for struture A1 and A2 obtained under pulsed operation (200 nsevery 200 �s) at 20 ÆC. Figure 5.32-(a) displays the measurement obtained fromstruture A2 whih will onstitute our referene single-ative-region struture.Figure 5.32-(a) display the measurement from struture A1. Both strutureswere proessed into 20-�m-wide deep ridge waveguides of varying length.In order to ompare the internal (intrinsi) eletron-to-photon (quantum)onversion eÆieny, we have used the standard method of determination of theinternal eÆieny desribed in appendix C. We display on �gure 5.32-(b) and5.33-(b) the external eÆieny measured from the power-versus-urrent hara-teristis as a funtion of the devie length. The intersetion of the regressionline with the vertial-eÆieny axis displays the internal eÆieny.In order to ensure that our results did not su�er from non-uniform injetion(and thus optial gain) distribution over the devie even in pulsed operation,we have heked that the evolution of the urrent threshold was linear over thewhole range of avity length. In addition, due to the high variability of themeasured data, we did not take into aount the data onerning the 200 �m-long A2 devies in the alulation of the regression line. The measured internaleÆieny is 68% for struture A2 and goes up to 126% for struture A1. Thisover-100% internal eÆieny is spei� of BCLs and onstitute an evidene ofthe ahievement of a arrier-reyling proess.The slope of the regression line gives the internal losses of the optial mode.It appears that the alulated internal losses are a lot higher (43 m�1) forstruture A1 than for struture A2 (16 m�1). This additional loss annotbe attributed to devie heating sine the pulsed onditions impose athermalonditions. In addition, sine the optial mode distribution are supposedlyvery similar and sine the epitaxial struture only di�ers from one very thin(35 nm) n-doped layer, this very high di�erene is attributed to a di�erentarrier distribution in the \hot" avity as ompared to the \old" avity. Theterms \hot" and \old" do not refer to any thermal heating but mean that thestruture is voltage biased or not.Another aspet of the harateristi is not fully understood for now. Theurrent threshold of struture A1 was expeted to be almost twie smaller thanthe urrent threshold of struture A2 aording to the analytial alulationsperformed in hapter 3. Instead of that it is atually more than twie higher!This high urrent threshold is obviously a onsequene of the high intrinsi lossesas measured from the regression line.Please note also that it is not obvious whether struture A2 behaves likea 4 QWs or a 8 QWs laser sine we do not know the proportion of eletronsand holes that leak over the arrier bloking layers. Nevertheless, we have seen176



5.2 Bipolar asade lasersin hapter 3, that a single-quantum-well and a double-quantum-well struturebehave quite similarly in terms of power-versus-urrent harateristi, in a �rstorder approximation.Figure 5.32 Comparison of the optial power-versus-urrent harateristis of\referene" struture A2 (20-�m-wide) for devie length varying from 200-�mto 1200-�m.
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(b) Internal eÆieny alulationFigure 5.33 Comparison of the optial power-versus-urrent harateristis ofstruture A1 (20-�m-wide) for devie length varying from 450-�m to 1200-�m.
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(b) Internal eÆieny alulation5.2.2.7 Inuene of the number of ative regionsStruture B2 does not demonstrate a lasing behavior, even in pulsed operation.It was therefore not possible to investigate on the salability of the externaleÆieny enhanement by asading more than two ative regions.177



5. Design of a single-transverse-mode bipolar asade laserWe nevertheless display on �gure 5.34 the spontaneous emission (under DCurrent bias) of devies of similar geometry (3-�m-wide shallow ridge � 900-�m-long) below threshold.Figure 5.34 Comparison of spontaneous emission of strutures inluding one,two and three ative regions.
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In good agreement with what is expeted from the analytial alulations ofhapter 3, the spontaneous emission inreases almost linearly with the numberof asaded ative regions. The omparison annot be ahieved ompletely sinethe optial mode distribution is not the same for the strutures of set A and forstruture B2.5.2.2.8 Explanation of the non-lasing behavior of struture B2There are several di�erenes in the proess of fabriation of struture A1 andB2. We list the major di�erenes here:1. Struture B2 inludes 2 tunnel juntions and struture A1 only one. Tun-nel juntions have been proved to su�er from high resistivity. This re-sistivity might lead to urrent spreading and devie heating that maydramatially alter the devie harateristis.2. The ative regions of struture B2 onsist of 2 QWs instead of 4 for stru-ture A1. The whole struture B2 therefore only has 6 QWs to ompensatefor the modal losses that are inreased by the doped regions, even if wehave observed that this inrease was not dramati. In addition, in order toreah the same gain, the arrier density is higher if the number of wells islower (as seen from the analytial alulations of hapter 3). This higherarrier density in the QWs and in the barriers might lead to an inreasedurrent leakage over the arrier on�nement layers.3. Struture B2, in opposition with struture A1, inludes a Bragg gratinglayer that obviously inreases losses and inhibits lasing if the modal gainspetrum does not math the Bragg reetivity spetrum.4. Struture A1 was grown in a single epitaxial step. Struture B2 underwentan epitaxial regrowth after the tehnologial treatment to print the Bragg178



5.2 Bipolar asade lasersgrating. The regrowth heats the wafer and might perturb (via di�usionproesses) the dopant distribution in the devie.Eah one of these di�erenes in the fabriation proess an explain (almostby itself) the dramatial power-versus-urrent harateristi di�erene observed.The real reason for this di�erene ertainly lies in the onjuntion of all thedi�erenes in the fabriation proess.5.2.2.9 Demonstration of a single-transverse-mode bipolar asadelaserThe single-vertial-mode emission is fored by the epitaxial struture. But om-pletely ething the ative region implies several transverse optial modes (in thediretion parallel to the layers) to osillate in the laser avity. As already ex-plained in the General Introdution, our approah intends to fabriate a single-transverse-mode bipolar asade laser. In order to do so, we have proessedstruture A1 (and struture A2 as a omparative referene) into 3-�m-shallowridge strutures.We ompare on �gure 5.35-(a) the optial power-versus-urrent harateristiof struture A1 and A2 in pulsed onditions (200 ns every 200 �s) at 20 ÆCfor 3-�m-wide � 300-�m-long devies. In order to failitate the omparison,�gure 5.35-(b) provides the same harateristi as a funtion of the urrentrelatively to the threshold urrent.Figure 5.35 Comparison of the optial power-versus-urrent harateristis ofstruture A1 and struture A2 (3-�m-wide � 300-�m-long).
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Relative current I-I th(mA)(b)It is obvious from �gure 5.35 that the di�erential external onversion eÆ-ieny above the urrent threshold is higher for struture A1 than for strutureA2. To put the emphasis on this feature, we display on �gure 5.36 the alu-lated slope of the optial power-versus-urrent harateristis for strutures A1and A2 as a funtion of the relative urrent (I � Ith). Eah marker orrespondsto one measurement. The eÆieny is alulated as the slope of the regression179



5. Design of a single-transverse-mode bipolar asade laserline approximating 5 onseutive measurement points of the raw experimentalharateristi.Figure 5.36 Comparison of the external eÆieny out of one faet of struturesA1 and A2 (3-�m-wide � 300-�m-long) as a funtion of the relative urrentI � Ith.
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As expeted from an athermal optial power-versus-urrent harateristi,struture A2 exhibits a very onstant eÆieny of approximately 0.15 W/Aabove threshold. This value is in good agreement (although a little lower) thanvalues obtained for single-ative-regions 8 QWs lasers of the same geometrialdimension (3-�m-wide � 300-�m-long).The external eÆieny of struture A1 is very di�erent. Over a very largeurrent range (more than 10 mA), the external eÆieny largely exeeds theeÆieny of the \referene" struture A2. It should be underlined here that thethreshold transition is smooth and ontinuous, and an be ahieved regularly bysteps of 0.2 mA. Figure 5.36 is an evidene of external eÆieny enhanementby asading several (here two) ative regions.In order to study the optial mode behavior of the 3-�m A1 struture, wemeasured the angular distribution of the emitted light (far-�eld measurement).Beause of the low optial power emitted within pulsed onditions, we havesynhronized the detetion system to the drive urrent. Figure 5.37 displaysthe angular distribution of the light in the diretions parallel and perpendiularto the epitaxial layers.The far �eld distribution has a nearly-Gaussian shape in both diretionsproving that the laser osillates on the fundamental mode. The best Gaussian�t is also plotted on �gure 5.37. The 1e half-width of the mode is 17.3Æ and40.5Æ in the diretions parallel and perpendiular respetively. Whereas theparallel-diretion far �eld is very ompatible with measurements performed onother more ommon laser devies, the perpendiular diretion large deviation issubsequent to a very thik optial index-guiding region (>0.5 �m) whih impliesa more important light on�nement in this diretion.180



5.2 Bipolar asade lasersFigure 5.37 Synhronized-detetion far-�eld distribution measurement in thediretion parallel and perpendiular to the epitaxial layers. The dashed lineindiates in eah ase the best Gaussian �t.
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5. Design of a single-transverse-mode bipolar asade laserresistane) is lower than below threshold. This phenomenon is diretly relatedto the abrupt laser threshold an either stem from saturable absorption or a re-foalization of the urrent. An illustration of this very reproduible phenomenonis given on �gure 5.38 for a 600 �m laser struture.Figure 5.38 Voltage-versus-urrent harateristi of struture A1 proessedinto a 3-�m-wide � 900-�m-long shallow ridge.
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Even if all the observed phenomena are not fully understood at this time,we have ahieved a 3-�m shallow ridge bipolar asade struture lasing withan inreased external eÆieny. The geometry and the refrative index dis-tribution allows only the fundamental single-transverse-mode to osillate in theavity. It is, to our knowledge, the �rst demonstration of a edge-emitting single-transverse-mode bipolar asade laser.5.3 ConlusionWe have desribed the omplete design of a single-transverse-mode bipolar as-ade laser.We �rst give our attention to the design of the tunnel juntion: we found thatInGaAsP �PL = 1:35 �m has the double advantage of being transparent to 1.55�m QWs emission, as well as providing a low di�usion oeÆient (in the order of1:8� 10�8 m2.s�1 at 1019 m�3, T = 1000 ÆC) and a high inorporation limitfor our highly di�usive doping element: Zn. Furthermore, thanks to its relativelylow band-gap energy and e�etive mass this material is a good andidate forlow resistivity bakward-tunnel juntion.We experimentally implemented a InGaAsP �PL = 1:35 �m-based tunnel-juntion in a tunnel-test-struture. We observe a neat diode-like shape forforward-bias, as well as for bakward-bias. The bakward resistane of thetunnel-test-devie fell to very small values (< 1
) and was therefore hard todetermine preisely. In addition, we have observed a relatively high faet surfaiurrent that an reah 50% for a 300 �m-wide � 300 �m-long devie at a biasvoltage of 0.8 V. This high faet urrent might be a onsequene of a highvolumi resistivity and might be responsible for early devie degradation.Then we turned to the design bipolar asade lasers. The width of the arrier182



5.3 Conlusionon�nement layers appears to be of major interest to be optimized: if the layersare too wide, the overlap of the optial mode with the QWs, as well as themodal e�etive index derease. If the layers are too narrow, eletron leakageover the barrier appears and degrades the laser harateristis.We experimentally implemented laser strutures optimized with the help ofthe model desribed in hapter 4 into two sets of bipolar asade lasers. The�rst set inludes 2 ative regions, and the seond set inludes 3 ative regions.We found that both eletron- and hole-bloking layers are neessary to sus-tain the arrier reyling proess. in addition, we arried out loss measurementson the passive \old avity" waveguides to estimate the inuene of the dopedlayers on the modal losses. This inuene was found to be very small, butsurprinsingly, the inuene of the urrent pathway (probably beause of di�er-ent arrier distributions) appeared to be of high inuene on the optial modelosses.We subsequently obtained a two-ative-region bipolar asade laser exhibit-ing 126% internal eletron-to-photon onversion eÆieny. We also ahieved asensible inrease of the external eÆieny for more than 10 mA above thresh-old with a 3-�m-wide shallow ridge struture that is very likely to exhibit asingle-transverse-mode behavior.For a reason still not ompletely eluidated, the 3-ative-region strutureemits a large amount of spontaneous emission but it has not been possible totrigger the stimulated emission proess. Eventually, we studied the inuene ofthe spreading of the urrent on the laser harateristis.
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Chapter 6General onlusion andperspetives

6.1 Conlusions6.1.1 Thesis overlookThis thesis was dediated to the improvement of the RF gain of diretly mod-ulated opto-RF links. We argue that the series onnetion of laser strutures isa powerful onept. The urrent is reyled from one laser struture to the fol-lowing, thus inreasing the overall eletron-to-photon onversion eÆieny. Theonversion eÆieny is not limited anymore and an reah values over 100%. Ifthe devie is diretly modulated, the RF gain of the link is proportional to thesquare of the eletro-optial onversion eÆieny. A series onneted omposedlaser soure enables, for the same input RF power, a larger amplitude of themodulated light, and thus a higher amplitude of the urrent modulation on thephotodiode, as ompared to a single-laser soure. 189



6. General onlusion and perspetivesTo implement this priniple, the �rst approah, building a soure of severaldisrete lasers, arries some limitations: the ombining of several light beamssu�ers from either losses, noise inrease, or bandwidth shortomings; the disretearhiteture is in any ase rapidly limited in terms of frequeny bandwidth, dueto interonnetions between lasers.Next, a more re�ned approah stemming from this original onept onsistsin the integration of several lasers into a single module, then into a single epi-taxial struture. The monolithi integrated-multiple-ative-region laser is alledbipolar asade laser. The ative juntions are eletrially onneted via highlydoped bakward tunnel juntions. Furthermore, in an e�ort to prevent a diÆ-ult laser beam ombining, we propose all the ative regions to be plaed intoa single-optial-transverse-mode struture.6.1.2 Work ahievementsThe priniple of bipolar asade lasers has been desribed in the General Intro-dution. We also gave a detailed overview of the past and urrent researh onthe subjet. It appears that this kind of devie has been mainly developed fortwo appliations: high-power lasers, and high-eÆieny lasers for analog opti-al ommuniations. For the latter, the spei�ations require that the devieensures a single-transverse-mode emission. Up to now, no single-transverse-mode bipolar asade laser has been proposed. This study was thus framed inperspetive of suh demand toward researh.Chapter 2 elaborated further the rationale of the study. We ompared di�er-ent eletrial arhitetures and onluded that the series onnetion arhitetureis better suited than parallel onnetion for improving the RF link gain. Wethen experimentally ahieved a 12-dB RF link gain enhanement using fourdisrete ommerially available buttery-pakaged lasers. We also studied thenoise behavior and proved theoretially, as well as experimentally, that om-bining several laser beams an average and thus eventually lower (3-dB noiseredution while using 2 disrete lasers) the intensity noise. Taking into aountthe problem of possible eletrial orrelation, the parallel onnetion presentedbeforehand an advantage for this appliation; but no inuene of the eletrialonnetion was experimentally found. Besides, an in-depth study of the RINimprovement using a standard oupler was arried out. We eluidated the het-erodyne origin of some observed additional noise and managed to prevent itby injeting the light beams with rossed polarization [1℄. The ompared om-bined soure (for parallel or series onnetion) however su�ers from importantbandwidth limitations.Chapter 3 went down to a \omponent level" point of view to study theinuene of the integration of the onept within the monolithi omponent.We evaluated theoretially the possible improvements we an expet from anintegrated devie, using a rate equation formalism, with high-level parameters.In order to disriminate the role of inreasing the number of QWs, and inreas-ing the number of ative regions, a bipolar asade laser with two ative regionsand one QW per ative region was ompared to a single-QW laser, and to adouble-QW laser. It was shown that asading several juntions inreases thedi�erential eÆieny of a laser, and imposes in priniple no additional funda-mental bandwidth limitation. The di�erential eÆieny was expeted to salelinearly with N , the number of ative regions, the urrent threshold was ex-190



6.1 Conlusionspeted to derease by a fator of 1N . Meanwhile, the arrier-photon relaxationproesses are not altered by the onept and the frequeny response shouldremain unhanged. Furthermore, the inuene on the intensity noise was in-vestigated. Sine the photon noise dominates the relative intensity noise, wefound that no improvement an be expeted for single-transverse-mode lasersunless the maximum optial power is inreased. These results are in oppositionto what an be observed for disrete laser ombining.After having predited the expeted behavior of single-transverse-mode bipo-lar asade lasers, we reported in hapter 4 on the development of a self-onsistent eletroni transport model for designing bipolar asade lasers. Thedevie and the mirosopi phenomenon it enompasses was studied from an\eletroni level" point of view. We desribed in detail the transport model,and the severe modi�ations arried out. We implemented other physial phe-nomena (suh as band-to-band tunneling e�et), and had the numerial imple-mentation evolve for modeling 1.55 �m bipolar asade lasers. With these newfeatures, the model aters for the use of InGaAsP materials lattie-mathed toInP, the possibility to input a multi-QW struture, as well as the alulationof the quantum mehanial transport of arriers through the tunnel juntion.The self-onsistent alulation of the tunnel urrent was desribed with greatdetails. Besides, we presented for the �rst time the alulated band diagram ofa bipolar asade laser [2℄.Eventually, the model desribed in hapter 4 was used in hapter 5 forproposing the design of a BCL. The emphasis was �rst set on the design ofthe tunnel juntion. The bandgap energy of the material used should be as lowas possible to improve the tunnel ondutivity. A low-bandgap material hasalso the asset of providing a low e�etive mass in our set of materials, whiheven redues the tunnel juntion resistivity. But on the other hand, the hosenmaterial should not exhibit fundamental absorption at 1.55 �m. The trade-o�was obtained for InGaAsP �PL = 1; 35 �m. Another trade-o� between lower-ing the tunnel resistivity and inreasing the free arrier losses had to be foundfor optimizing the doping level. For this parameter, as well as for the tunneljuntion width, the high-di�usivity of Zn atoms used as p-type dopants in thesemiondutor lattie drove the deision to a doping level as lose as possible tothe inorporation limit (at least 5� 1018 m�3) and a tunnel juntion width of25 nm, more than one order of magnitude wider than the expeted Zn di�usionlength during post-epitaxy treatments. An experimental implementation of thetunnel juntion in a tunnel-test-struture was also arried out. The harater-ization revealed that the volume resistivity and the voltage bias neessary toreah a ertain amount of urrent were higher than predited by the model,leading to an important faet surfae urrent and an early degradation. Weattributed this disrepany to an extreme sensitivity of the harateristis tothe dopant onentration and interfae sharpness.The same tunnel juntion was then inorporated into a single-transverse-mode struture. Using again the transport model desribed in hapter 4, someparameters had to be optimized spei�ally for BCL. It was the ase of theon�nement urrent layers. Bloking eletrons for leaking over to the followingative regions, the on�nement layers had to be wide enough. But a too largedoped on�nement layer have a negative impat on the optial properties, interms of losses, but also in terms of e�etive refrative index. The on�ne-ment layer width was quite easily optimized with the developed model, but the191



6. General onlusion and perspetivesultimate result depends on the design of the rest of the struture (number ofQWs...). The hole-loking layer was furthermore expeted to have only a smallimpat on the devie harateristis. As for the tunnel juntion, the result of theoptimization of a bipolar asade laser was experimentally implemented into thefabriation of two sets of bipolar asade lasers. The �rst set inluded two a-tive layers whereas the seond inluded three ative layers. We have suessivelystudied the inuene of the on�nement layers, of the presene of highly-dopedlayers inside the optial mode, of the number of ative regions and of the urrentspreading on the opto-eletroni harateristis of the devies. We found thatthe highly-doped layers do not inrease dramatially the optial losses of the\old avity". The arrier bloking layers on the ontrary inuene drastiallythe eletrial behavior and the urrent pathway (over barrier leakage or path-way reyling the arrier). It was also observed that this hange in the urrentpathway arries a huge inuene on the \hot avity" modal losses, even withinathermi pulsed onditions. We suspeted the urrent spreading due to thehigh volume resistivity of the tunnel juntion to trigger power-versus-urrentnon-linearities. This needs to be eradiated for a proper use in system.Last but not least, an internal eÆieny of 126% was reported with a 2-ativeregion BCL and an external eÆieny enhanement was observed on a 3-�m-wide shallow ridge BCL struture very likely to exhibit a single-transverse-modeemission. This work onstitute the �rst realization of a edge-emitting single-transverse-mode bipolar asade laser.6.2 PerspetivesThis work onstitute the �rst step towards the realization of reliable bipolarasade lasers implemented in systems. We have desribed the rationale ofsuh e�ort in this domain, we have developed the optimization tools for tunneljuntions as well as BCL design. Eventually, we experimentally demonstrateda single-transverse-mode bipolar asade laser emission.6.2.1 Improvement of the disrete arhiteturesBeause high laser soure external eÆieny is a key requirement in mid-termopto-RF systems, the perspetives of the work presented in this thesis inludessome investigation on disrete ombining arhitetures.In order to use the disrete arhiteture in systems, we need to irumventthe bandwidth shortomings. One possible solution is to integrate as muh aspossible the di�erent individual lasers in the same pakage.Another solution uses the reipe already implemented in distributed pho-todetetors for ombining light beams: the researh e�ort ould be plaed to-ward the realization of a traveling-wave asade diode emitter. Along a line ofpropagation, we plae several laser diodes in series. One optial �ber olletthe light from one laser diode, the length of whih are designed to ompensatefor the RF phase shift aumulated during the transmission of the signal tothe di�erent lasers. The arhiteture an be made monolithially, and requiresin this ase a tehnologial researh e�ort; or it an be an hybrid realization(individual diodes plaed along a RF transmission line) and a pakaging studyis neessary. These light beams an then be ombined using any type of ar-192



6.2 Perspetiveshiteture desribed in setion 2.2, inluding the traveling-wave photodetetorarray.Figure 6.1 Sheme of priniple of proposed traveling-wave asade laser emit-ter.
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6.2.2 Improvement of the integrated monolithi BCLFor the integrated version of BCL, despite the good results we identi�ed severalpath of improvement to obtain the system requirements in terms of robustness,reliability and optial mode behavior.In order to investigate the reasons for the poor robustness and the high rateof degradation of the strutures (even during operation in pulsed onditions),the eletroni simulation model developed during this work ould inlude theeletri �eld breakdown onditions in the materials.In addition the devies demonstrate a laser behavior only in pulsed opera-tion. In ontinuous wave bias onditions, thermal heating prevents the optialgain to exeed the modal losses. In order to understand the laser reliabilityissues, the developed simulation model ould be improved to take self-heatinginto aount.Besides, the fabriated BCL exhibits a single-transverse-mode behavior butthe longitudinal modes are not �ltered. We have seen that inluding a Bragggrating implies some additional treatment and additional optial losses in theavity that onstitute an obstale to onsider for the fabriation of a DFB-BCL.Last but not least, the shallow waveguide struture used to obtain the single-transverse-mode emission su�ers from a high urrent spreading that degrade thelaser harateristis. We identi�ed two di�erent ways to bar the spreading of theurrent. The �rst one is banning the urrent to ow outside of the optial moderegion and an be ahieved by ion implantation isolation or hemial ething ofthe tunnel juntion followed by an epitaxial regrowth, following the work per-formed on VCSELs devies [3{5℄. A 2-D transport modeling (with ommeriallyavailable software e.g. ATLAS) of the omplex devie would also improve theomprehension of the urrent spreading phenomena. The seond proposed �eldof investigation is dereasing the resistivity of the tunnel juntion itself. Webelieve that this part is the most important future investigation domain and isdiretly in ontinuity with the work presented in this thesis. The most straight-forward investigation an deal with di�erent types of doping elements, sine wehave seen that we were limited by the low inorporation and the high di�usivityof Zn atoms in the InGaAsP latties. We either think about beryllium-dopedmaterials (using Gas Soure Moleular Beam Epitaxy to grow the struture), orarbon-doped materials. The latter implies to hange the onstitutive materials193



6. General onlusion and perspetivesand to suppress phosphorus elements in our alloys (for instane InGaAlAs/InPsystem). Besides, the struture of the tunnel juntion an also be a subjet offuture investigation. For instane, it has been reported good harateristis ofsuper-lattie-based tunnel juntions [6℄. The huge domain of band-gap engineer-ing is wide open to enable the improvements and the optimizations of tunneljuntions with materials ompatible with � = 1:55 �m emission.
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Appendix ANotations and parametersused in hapter 3
Item Desription Findinpage Orderofmagnitude Units RefereneUniversal onstantse Eletroni harge 69 1.6�10�19 C univ. Speed of light in vauum 72 3�108 m.s�1 univ.h� Plank onstant � lightfrequeny, for � = 1:55 �m 73 0.8 eV al.Experimentally varying parametersI Injeted urrent 69 1-200 mA -NXQW Carrier population 69 0-108 - al.PXQW Photon population 71 1-106 - -SXQW Output power 76 0-40 mW al.Nth(XQW) Carrier population atthreshold (given in density) 78 1019 m�3 al.Ith(XQW) Threshold urrent 78 10-30 mA al.Experimental spei� parametersL Cavity length 73 500 �m hyp.Ri Power reetivity at mirror i 73 0.27 % hyp.Vative Volume of the ative region 70 2� 10�11 m�3 hyp.Material parameters�i Injetion eÆieny 69 1 % hyp.A SRH reombination oeÆient 70 108 s�1 [1, 2℄Bdensity Bimoleular reombinationoeÆient (in density) 70 1� 10�10 m3.s�1 [1, 3{5℄Cdensity Auger reombinationoeÆient (in density) 70 5�10�28 m6.s�1 [1, 2, 6{9℄N0 Carrier population attranspareny (given in density) 71 1.2�1018 m�3 �t + [8℄See on the next page197



A. Notations and parameters used in hapter 3Item Desription Findinpage Orderofmagnitude Units Referene� Proportion of spontaneousemission oupled to thedominant mode 72 2:5� 10�2 - �tG0 Di�erential gain 76 5000 s�1 �t+[8℄�parasit Parasiti frequeny ut 84 35 ps hyp.RS Series resistane 84 5 
 meas.Cparasit Parasiti apaitane 84 7 pF hyp. + [8℄�tunnel Tunnel delay 86 50 ps hyp.Rtunnel Tunnel resistane 86 5 
 hyp.Component parameters�P Photon avity lifetime 72 2 ps �t.vg Group veloity 72 9.4�107 m.s�1 hyp.ne� E�etive dominant mode index 72 3.2 - hyp.�RT Round-trip time 73 1.1�10�11 s hyp.�i Internal loss oeÆient 73 38 m�1 �t.�m Mirror loss oeÆient 73 14 m�1 hyp.�0 Output onversion oeÆient 74 8:5� 10�9 W al.�E Carrier lifetime 77 1:6� 10�9 s �t+[4℄� 0E Dynami arrier lifetime 82 1:8� 10�10 s �t.!R Resonant frequeny 83 2-10 GHz al.�R Damping fator 83 3� 10�10 s al.�d External eÆieny 84 0.11 W/A al.WX Noise spetral density 88 10�19 W2.Hz�1 al.RIN(!) Relative intensity noise 89 -140 dB.Hz�1 al.Other parameters or notationsÆX Flutuating variable X 82 - - -! RF frequeny of modulation 82 0-25 GHz -�f Whole bandwidth of interest 88 - - -Æf Detetion spetral resolution 88 - -FYXQW Langevin noise soure 82 - - -� Transfer funtion matrixdeterminant 83 1018 Hz2 al.H(!) Transfer funtion 84 1 - al.Wshot Shot noise spetral density 88 10�21 W2.Hz�1 al.hFYZXQWi Langevin noise fore 90 - - -DXY Langevin di�usion oeÆient 91 1017 s�1 al.
☞ \univ." points out that the parameter is a universal onstant,
☞ \al." means that the parameter is internally alulated,
☞ \hyp." means that the parameter value is taken as an hypothesis, or an bederived easily from parameters taken as hypothesis,
☞ \�t" means that the parameter has been �t to math experimental results,
☞ \meas." means that the parameter has been diretly experimentally measured.198
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Appendix B
Calulation steps forobtaining the expression ofthe tunneling urrent

Courtesy of S. HarrisIn this appendix, we display the alulation steps derived in order to obtainthe expression of the tunneling urrent of equation 4.35. We wanted theseCalulation steps as rigorous as possible and therefore the derivation and thenotations are sometimes a little bit heavy. 201



B. Calulation steps for obtaining the expression of the tunneling urrentB.1 Calulation step A.The Bloh-Floquet funtions are solution of the undisturbed Shr�odinger equa-tion: H0'n;k(r) = ( p̂22m + V (r))'n;k(r) = En(k)'n;k(r)We insert  (r) =Pn  n(r) from equation 4.13 into equation 4.10:Xn Z [H0 � eFx℄an(k)'n;k(r)dk =Xn Z Ean(k)'n;k(r)dkXn �Z En(k)an(k)'n;k(r)dk � eF Z xan(k)'n;k(r)dk�=Xn Z Ean(k)'n;k(r)dkWe now projet these expressions on a partiular funtion basis 'n0;k0(r):Xn �Zk En(k)an(k) Zr '�n0;k0(r)'n;k(r)dkdr � eF Zr Zk '�n0;k0(r)xan(k)'n;k(r)dkdr�=Xn Zk Ean(k) Zr '�n0;k0(r)'n;k(r)dkdrThen using Rr '�n0;k0(r)'n;k(r)dr = (2�)3Vell �n;n0Æ(k � k0) (.f. Calulation stepB.), we get:(2�)3Vell (En0(k0)�E) an0(k0)� eFXn Zr Zk '�n0;k0(r)xan(k)'n;k(r)dkdr = 0(2�)3Vell (En0(k0)�E) an0(k0)� eFS(n0;k0) = 0Aording to Calulation step D. S(n0;k0) is evaluated to be equal to:S(n0;k0) = (2�)3Vell "i ��kx (an0(k0)) +Xn an(k0)Xnn0(k0)#We �nally get equation 4.14:�En0(k0)� ieF ��kx �E� an0(k0)�Xn eFXnn0(k0)an(k0) = 0 (B.2)B.2 Calulation step B.Using equation 4.12, we �nd:Zr '�n0;k0(r)'n;k(r)dr = 1V Zr ei(k0�k):ru�n0;k0(r)un;k(r)dr202



B.3 Calulation step C.We onsider here that the exponential term under the integral (envelope fun-tion) varies a lot more slowly than the periodi funtions. Over a unit ell, itis almost onstant. We then write r = ri + r0, where ri loates the onsideredell and r0 indiates the position inside the unit ell. The resulting integral istherefore independent of the onsidered ell.We �nd:Zr '�n0;k0(r)'n;k(r)dr = 1V Xri ei(k0�k):ri Zell u�n0;k0(r0)un;k(r0)dr0Aording to Calulation step C., we havePri ei(k0�k):ri = (2�)3Vell NellÆ(k0�k).In addition, by de�nition of the Bloh-Floquet periodi funtions normalizedover the unit ell, we haveZVell u�n0;k(r)un;k(r)dr = Vell�n;n0We eventually get:Zr '�n0;k0(r)'n;k(r)dr = (2�)3Vell �n;n0Æ(k0 � k)NellsVellV= (2�)3Vell �n;n0Æ(k0 � k)
☞ Nells is the number of ells in the rystal lattie in the volume VB.3 Calulation step C.The lattie rystal is not in�nite (even if it was, we would have assumed itnot to be, to avoid de�nition problems). This onvention leads to a pseudo-quanti�ation of the k-vetors, as explained in [1, 2℄. We an hange the integralinto a disrete summation with the equivalene:Xk2BZ fk � Z f(k)�(k)dk (B.3)
☞ �(k) is the density of states in the reiproal lattie.
☞ For an homogeneous density of states, it usually writes �(k) = V(2�)3 , withouttaking the spin of the eletron into aount.Furthermore, we have:Xri eik:ri = (0 if k 6= 0Nells if k = 0 (B.4)Therefore we an write: Xri eik:ri = �k;0Nells 203



B. Calulation steps for obtaining the expression of the tunneling urrentNow, if we use the equivalene between the disrete sum and the integrationover k , we �nd: Z +1�1 Xri eik:ridk = (2�)3Vell Xk Xri eik:ri= (2�)3Vell NellsXk �k;0= (2�)3Vell Nells (B.5)The two equations B.4 and B.5 are exatly the de�nition of the Dira fun-tion. We therefore have the expression:Xri eik:ri = (2�)3Vell NellsÆ(k)B.4 Calulation step D.We need here to alulate:S(n0;k0) =Xn Zr Zk '�n0;k0(r)xan(k)'n;k(r)dkdrUsing 'n;k(r) = eik:rpV un;k(r) (f. equation 4.12), let's �rst notie that:��kx�an(k)'n;k(r)� = ��kx�an(k)�'n;k(r)+ixan(k)'n;k(r)+an(k) 1pV eik:r ��kx�un;k(r)�Inserting B.6 into the expression of S(n0;k0), we �nd:S(n0;k0) = Xn Zr Zk '�n0;k0(r)xan(k)'n;k(r)dkdr= 1iXn Zr Zk? '�n0;k0(r)�Zkx ��kx�an(k)'n;k(r)�dkx� dk?dr�1iXn Zk ��kx�an(k)��Zr '�n0;k0(r)'n;k(r)dr� dk�1iXn Zk an(k) 1V �Zr ei(k�k0):ru�n0;k0(r) ��kx�un;k(r)�dr� dk= 0+i (2�)3Vell Xn Zk ��kx�an(k)��n;n0Æ(k � k0)dk+(2�)3Vell Xn Zk an(k)Æ(k � k0)� iVell Zell u�n0;k0(r) ��kx�un;k(r)�dr� dk204



B.5 Calulation step E.The �rst term equals to 0 beause the inde�nite integral over kx is a periodifuntion of kx. The seond term is transformed aording to Calulation stepB. ; as for the third term, we assume, as we did for Calulation step B. thatthe envelope funtion varies slowly. The integral an be divided into a sum ofintegrals over the unit ell whih are independent of the onsidered unit ell. Byde�nition, we set Xnn0(k) = iVell Rell u�n0;k(r) ��kx �un;k(r)�dr, we �nally have:S(n0;k0) = (2�)3Vell "i ��k0x (an0(k0)) +Xn an(k0)Xnn0(k0)#B.5 Calulation step E.We an hek the normalization of the wave funtions over the rystal by al-ulating aording to equation 4.13:Z  �n(r) n(r)dr = Vell(2�)3 Zr Zk Zk0 a�n(k0)an(k)'�n;k(r)'n;k0(r)dkdk0dr= Vell(2�)3 Zk Zk0 a�n(k)an(k0)�Zr '�n;k(r)'n;k0(r)dr� dkdk0= 1We take the onvention of normalizing the periodi part of the Bloh-Floquetfuntions in the unit ell:ZVell u�n;k(r)un;k(r)dr = Vellwhih is equivalent to saying that (f. Calulation step B.):Zr '�n;k(r)'n;k0(r)dr = (2�)3Vell Æ(k � k0)Therefore, using the solution for an(k) found in equation 4.15 on page 120,we �nd:Z  �n(r) n(r)dr = Zk jan(k)j2dk (B.6)= jan(0)j2 Zk? jan(k?)j2dk? Zkx jbn(kx)j2dkx (B.7)= 1 (B.8)
☞ bn(kx) are the exponential part of the an(k), as desribed by equation 4.15In order to obtain the normalization B.8, we need to have:jan(k?)j2 = Æ(k? � k?0)
☞ Equation 4.14 an be solved for any value k?0 of k?, whih is onserved whenapplying an eletri �eld along x. 205



B. Calulation steps for obtaining the expression of the tunneling urrentThereafter, using the equivalene between sum and integral of Calulationstep C. equation B.3, we get:Zkx dkx = 2�Lx Xkx 1 = Nells 2�Lx = 2�`x = �x
☞ �x is the length of the BZ in the x-diretionThe normalization of equation B.8 is obtained with:an(0) = a(0) = 1�xB.6 Calulation step F.We need here to alulate the matrix element for two di�erent bands n and n0,that gives an estimation of the oupling strength (or the overlap of the wavefuntions) between two di�erent bands:Mnn0 = h n(r)j � eFxj n0(r)i= �eF Zr  �n(r)x n0 (r)dr= �eF Vell(2�)3 Zr Zk Zk0 a�n(k)'�n;k(r)xan0(k0)'n0;k0(r)drdkdk0(B.9)Exatly like we did for Calulation step D., we notie that:��kx�an(k)'n;k(r)� = ��kx�an(k)�'n;k(r)+ixan(k)'n;k(r)+an(k) 1pV eik:r ��kx�un;k(r)�We then transform equation B.9 into:Mnn0 = �eFi Vell(2�)3 Zr Zk a�n(k)'�n;k(r) Zk0? (Zk0x ��k0x�an0(k0)'n0;k0(r)�dk0x) dk0?dkdr+eFi Vell(2�)3 Zk Zk0 a�n(k) ��k0x�an0(k0)��Zr2V '�n;k(r)'n0;k0(r)dr� dk0dk+eFiV Vell(2�)3 Zk Zk0 a�n(k)an0(k0)�Zr2V ei(k0�k)�ru �n;k (r) ��k0x�un0;k0(r)�dr� dk0dkAs previously, the �rst term equals to 0 beause the inde�nite integral overk0x is a periodi funtion of k0x. The seond term is transformed aording toCalulation step B., and is proportional to �n;n0 . Sine we alulate the matrixelement between two di�erent band, this seond term also equals 0. As for thethird term, we assume, as we did for Calulation step B. and D. that the envelopefuntion varies slowly. The integral an be divided into a sum of integrals overthe unit ell whih are independent of the onsidered unit ell.206



B.7 Calulation step G.We eventually have:Mnn0 = eFi NellV Zk Zk0 a�n(k)an0(k0)Æ(k0 � k)�Zr2Vell u�n;k(r) ��k0x�un0;k0(r)�dr� dk0dk= �eF Zk a�n(k)an0(k)� iVell Zr2Vell u�n;k(r) ��kx�un0;k(r)�dr� dkWith the de�nition,Xnn0(k) = 1Vell Zell u�n;k(r)xun0;k(r)dr= iVell Zell u�n;k(r) ��kxun0;k(r)drwe eventually �nd:Mnn0 = �eF ZkXnn0(k)a�n(k)an0(k)dk= �eF�x Zkx Xnn0(k) exp( ieF Z kx0 (En0(k0)�En(k0))dk0x)dkx
B.7 Calulation step G.There are two main ontributions to the integration of the ontour of equation4.19 that we reall here with the notations used to derive the k � p̂-method:Mv = �eF�x Z Xv(k) exp( ieF Z kx0 �dk0x) dkx= � ieF~E 32g2m 12r �x Z 1�2 exp( ieF Z kx0 �dk0x) dkx (B.10)We also reprodue �gure 4.10 in order to failitate the reading of this alu-lation step. 207



B. Calulation steps for obtaining the expression of the tunneling urrentFigure B.1 Reprodution of �gure 4.10: the maximum tunneling probabilityours near the \pole" q.
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(b) Cauhy ontour of integration 4.19
The major ontribution omes from the integration over the semi-irlearound the pole, whereas the ontribution of the horizontal integration shouldnot be negleted. We will alulate separately these two ontributions and thenadd them to obtain the result of the whole integration over the ontour:Mv � Z � ∪

Z + ZhorAording to the theorem of the Residues, we an write the �rst ontributionas:
∪
Z = 12 I = i�<e(q)The residue <e(q) is de�ned as the term fator of 1z�q in the development ofthe integrand in Laurent series, where q is the pole of the integrated funtion.The integrand of equation B.10 an be Laurent-series developed as follows:1�2 exp( ieF Z kx0 �dk0x) = f(kx)�(kx)2 = f(kx)Eg~2mr (kx � q)(kx + q)kx!q' f(q)Eg~22qmr 1kx � q + : : :We �nd for the semi-irle ontribution:

∪
Z = �E1=2g m1=2r4~q�x eF exp� ieF Z q0 �dk0x� (B.11)Now, for the ontribution of the horizontal integral, we need the prinipal208



B.7 Calulation step G.part of:Zhor = � ieF~E 32g2m 12r �x Z kx2horizontalontour 1�2 exp( ieF Z kx0 �dk0x)dkx= � ieF~E 32g2m 12r �x Z kx2horizontalontour 1�2 exp( ieF "Z q0 �dk0x + Z kxq �dk0x#)dkx= � ieF~E 32g2m 12r �x exp� ieF Z q0 �dk0x�Z kx2horizontalontour 1�2 exp( ieF Z kxq �dk0x) dkxWe introdue the integration variable � = k0x � q (� 2 R) for the integral insidethe integration over kx. We also introdue the real variable � = kx � q (� also2 R). Sine the major ontribution omes from the viinity of q for kx, we andevelop �(k0x) in the viinity of � = 0 from equation 4.28, with the result:� = p2~rEgmr q1=2�1=2 + : : :The horizontal ontribution beomes:Zhor = � ieF~E 32g2m 12r �x exp� ieF Z q0 �dk0x�Z kx2horizontalontour 1�2 exp( ieF Z �=��=0 p2~rEgmr q1=2�1=2d�) dkx= � ieF~E 32g2m 12r �x exp� ieF Z q0 �dk0x�Z kx2horizontalontour 1�2 exp(iq1=2 2p2~3eF rEgmr �3=2) dkxWe hange the integration variable into  = (k � q)3=2 = �3=2 and �nd:Zhor = �iE1=2g m1=2r6�x~q eF exp� ieF Z q0 �dk0x�Z =+1=�1 1 exp(iq1=2 2p2~3eF rEgmr )dThe hoie of the square root of q is ambiguous and needs to be treatedseparately if we want to have onvergene. We therefore separate the integralover R into one integral over R+ and one integral over R�.For  > 0, we need to take pq = � 1+ip2 � to ensure onvergene, and we splitthe integral into two:Z +10 1 exp(ipq 2p2~3eF rEgmr )d = Z +10 1 eiCe�Cd= I1 + I2
☞ C = jqj1=2 2~3eFq Egmr
☞ C 2 R
☞ C > 0 209



B. Calulation steps for obtaining the expression of the tunneling urrentWhere we an write [3℄:I1 = lim�!+1 Z +�0 os(C) e�CdI2 = i Z +10 sin(C) e�Cd= i�4For  < 0, we need to take the other square root for q �pq = � 1�ip2 �� toensure onvergene, and we obtain similarly:I3 = lim�!+1 Z 0�� os(C) eCd= �I1I4 = i Z 0�1 sin(C) eCd= I2We eventually get for the horizontal ontribution:Zhor = �E1=2g m1=2r12�x~q eF exp� ieF Z q0 �dk0x� (B.12)Combining equation B.11 and B.12, we get for Mv:Mv � Z � ∪
Z + ZhorMv = �E1=2g m1=2r3�x~q eF exp� ieF Z q0 �dk0x�I thank you very muh for having read all this part!
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Appendix CMethods of strutureharaterization used inhapter 5C.1 Four-probe measurement tehniqueThe four-probe measurement tehnique is used for estimating the resistanebetween two pads A and B. Figure C.1 displays a shemati of the measurementtehnique.Figure C.1 Desription of the four-probe measurement tehnique.
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The easiest way to measure a resistane is to ow some urrent between thetwo pads with the help of two probes P1 and P2, and to measure the resultingvoltage. If the same probes are used to injet the urrent and to measure thevoltage, then the voltage measured Vmeas writes:Vmeas = VAP1 + V? + VP2B= R?IP1P2 + (RAP1 +RP2B)IP1P2
☞ V? and R? are the voltage and resistane to be determined by the measurementtehnique. 213



C. Methods of struture haraterization used in hapter 5The measurement is therefore biased by the probe resistanes whih needsto be determined and an be quite high if the probe is very thin.To prevent this unertainty, we use a seond set of probes P01 and P02 tomeasure the voltage while the urrent ows through P1 and P2. The measuredvoltage writes in this on�guration:Vmeas = VAP01 + V? + VP02B= R?IP1P2 + (RAP01 +RP02B)IP01P02� R?IP1P2Sine IP01P02 , the urrent owing through the probes P01 and P02 is negligible, themeasurement is more aurate.C.2 Transmission Line MethodThe Transmission Line Method (TLM) tehnique is used to estimate the ontatresistane (R expressed in 
.m2) and the resistane by square (R� expressedin 
) of a suession of ontat layers. R� is the surfai resistane of thematerial underneath the ontat for a square surfae. Its value is not dependenton the dimensions of the square.For measuring the ontat and square resistanes, we measure the resistanebetween pads separated by an inreasing length L of material, as shown on�gure C.2.Figure C.2 Experimental setup for a TLM measurement.� �� varying �
current 

flow

� �� � � �
Due to the huge resistivity di�erene between the ontat material (usuallygold) and the material underneath (usually a semiondutor material), it isthen assumed that the urrent penetrates the material underneath only over asmall length ` beneath the ontat, as it is shown on �gure C.2. The measuredresistane (usually obtained with a four probe measurement) then writes:Rmeas = R�d � L+ 2R`� d (C.1)

☞ d is the width of the padsThe measured resistanes are experimentally reported on a graph as a fun-tion of the length between the pads, and the relation are approximated by astraight regression line: Rmeas = 1 � L+ 2214



C.3 Loss transmission measurementThe square resistane is obtained very easily when the regression line rossesthe resistane vertial axis: R� = d� 2For obtaining the ontat resistane, we need to know the length of theurrent pathway underneath the ontat. Dereasing the length L even below0, we an assume in �rst approximation that the resistane will be equal to 0when L = �2`. Therefore the urrent pathway length ` an be estimated bythe intersetion of the regression line with the horizontal axis:` = 221Then we an derive the ontat resistane as follows:R = `� d� 22 = d� 2241In order to obtain a good auray in the measurements, the measured re-sistane should lie in the 10-20 
 range. The TLM patterns should then bedesigned aordingly to the expeted resistanes to measure.As an illustrative example, we display on �gure C.3 the measurement of thep-type ontat resistane for the tunnel-test-struture desribed in more detailsin setion 5.1.4.Figure C.3 Example of the measurement of the p-type ontat resistane usingthe TLM tehnique.
60

40

20

0

R
e
s
is
ta
n
c
e
 (

ΩΩ ΩΩ
)

3020100-10-20

Length (µµµµm)

2 × =14.7 µm

The pad width equals d = 200 �m. The measured length of the urrentpathway is ` = 7 �m (whereas the pad length is over 60 �m), the measuredsquare resistane is R� = 314 
, and the measured ontat resistane is R =1:7� 10�4 
.m2.C.3 Loss transmission measurementThe method desribed here is used to evaluate the losses of a passive waveguide.We have used it in hapter 5 to evaluate the intrinsi losses of struture B2,215



C. Methods of struture haraterization used in hapter 5whih does not exhibit a lasing behaviour. We injet a wide light spetruminto the devie under test and ollet the light �ltered by the devie with anoptial spetrum analyzer as shown on �gure 5.27 on page 171. The analysisof the olleted light enables to give an absolute value of the modal waveguideintrinsi losses, with only one devie length.Figure C.4 Shematial representation of the double interfae devie understudy.
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We onsider an eletri �eld reahing a double interfae (onstituted by thepassive waveguide under test), as depited on �gure C.4. The eletri �eldomplex transmittane t oeÆient writes:t = (1� r2) exp(�ikwgL)1� r2 exp(�2ikwgL)
☞ r = ne� � i�e� � 1ne� � i�e� + 1 is the eletri �eld omplex mirror reetane, with ne� thereal part of the modal e�etive refrative index, and �e� the imaginary part ofthe modal e�etive refrative index, related to the intrinsi loss oeÆient.
☞ L is the length of the waveguide under test.
☞ kwg = 2�� (ne� � i�e�) is the omplex wavevetor inside the waveguide, with� � 1:55 �m the wavelength of inident light in void.This expression leads to destrutive and onstrutive interferenes whilevarying �:8<: if 2�� ne�L = m� (2�), the transmittane is maximalif 2�� ne�L = (2m+ 12 )� 2�, the transmittane is minimalTaking �max and �min, two suessive inident light wavelength exhibiting amaximum transmittane tmax and a minimum transmittane tmin, we an write:���tmaxtmin ��� = e���effL� 2��max� 2��min �� � 1 + r2e� 4��min �effL1� r2e� 4��max �effL (C.2)We injet the �rst order approximation �max � �min. We then notie thatr2 = R is the power mirror reetivity and 4��min�e� = �i is the modal in-trinsi losses in the avity. Finally, we replae the transmittane oeÆientst by the power transmitivity oeÆients T with the relation ��� tmaxtmin ��� = qTmaxTmin .216



C.4 Laser loss measurementThis parameter is experimentally obtained by dividing the power deteted at amaximum, and at a minimum. Equation C.2 then derives:rTmaxTmin = 1 +Re��iL1�Re��iL�i = 1L lnR � 1L ln0�qTmaxTmin � 1qTmaxTmin + 11AThis method is only valid for a single-transverse-mode Fabry-Perot waveg-uide. Here, we have applied it to DFB strutures but we have taken for grantedonly the results found away from the Bragg grating artefat. Sine the methodonly relies on the measurement of TmaxTmin , it is stritly independent of the ouplinglosses.As an illustrative example, we alulate the intrinsi loss oeÆient of stru-ture B2 at � = 1:55 �m. With the help of �gure 5.28-(a) on page 172, we �ndTmaxTmin = 0:61 dB. The length of the struture is 900 �m, the power reetivityoeÆient lies around 0.3 (ne� � 3:4, �e� � (ne� ; 1)). The alulation thengives the loss oeÆient: �i = 23:5 m�1C.4 Laser loss measurementThe method presented here is the very usual method for determining both theinternal onversion eÆieny �i from eletrons to photons and the intrinsi loss�i of semiondutor lasers. It neessitates to measure the external eÆieny ofthe laser for di�erent avity lengths.Aording to equation 3.14 and equation 3.3, and assuming idential mirrorreetivities, the di�erential eÆieny out of the two faets an write:�d(2 faets) = �i �m�i + �m h�e
☞ �i is the internal onversion eÆieny that was assumed to be equal to unity inhapter 3.
☞ with �m = 1L ln( 1R ) the distributed mirror loss oeÆient.
☞ R is the power reetivity of one mirror, and writes R = ��neff�1neff�1 ��2, with ne� themodal e�etive refrative index of the lasing mode.
☞ L is the varying length of the avity.We thereafter write the expression of ��1d(2 faets) as a funtion of the lengthof the laser avity:��1d(2 faets) = ���1i �i� ln(R) eh��� L+ ���1i eh��= 1 � L+ 2We report on a graph the inverse of the external eÆieny as a funtionof the avity length and determine the parameters of the regression line. The217



C. Methods of struture haraterization used in hapter 5internal eÆieny �i as well as the intrinsi losses are then extrated as follows:�i = 12 eh��i = 12 ln( 1R )As an illustrative example, we display on �gure C.5 the determination of theinternal eÆieny and of the intrinsi losses for struture A1 (proessed into adeep 20-�m-wide ridge struture).Figure C.5 Example of the measurement of internal eÆieny and loss pa-rameters performed on struture A1 proessed into a deep 20-�m-wide ridgestruture.
6

5

4

3

2

1

0

R
ec

ip
ro

ca
l e

xt
er

na
l 

12008004000
Device length (µm)

100%

 d
iff

er
en

tia
l e

ffi
ci

en
cy

 (
A

/W
) 

 

ηint=126 %

For an emission at � = 1:55 �m, we have h�e = 0:8 W/A. In addition, sinethe e�etive refrative index is lose to ne� � 3:4, the mirror reetivity is loseto R � 0:3. The regression line gives the parameters:1 = 37:9 A=(W:m)2 = 0:99 A=WLeading to the laser harateristis:�i = 126:4 %�i = 46:5 m�1
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