
Titre:
Title:

Evaluation and effects of temperature in optoelectronic waveguide 
devices

Auteur:
Author:

Mathieu Allard 

Date: 1998

Type: Mémoire ou thèse / Dissertation or Thesis

Référence:
Citation:

Allard, M. (1998). Evaluation and effects of temperature in optoelectronic 
waveguide devices [Mémoire de maîtrise, École Polytechnique de Montréal]. 
PolyPublie. https://publications.polymtl.ca/6752/

Document en libre accès dans PolyPublie
Open Access document in PolyPublie

URL de PolyPublie:
PolyPublie URL:

https://publications.polymtl.ca/6752/

Directeurs de
recherche:

Advisors:

Programme:
Program:

Non spécifié

Ce fichier a été téléchargé à partir de PolyPublie, le dépôt institutionnel de Polytechnique Montréal
This file has been downloaded from PolyPublie, the institutional repository of Polytechnique Montréal

https://publications.polymtl.ca

https://publications.polymtl.ca/
https://publications.polymtl.ca/6752/
https://publications.polymtl.ca/6752/


Evaluation and Effects of Temperature in 

Optoelectronic Waveguide Devices 

Mathieu Allard 

Département de génie physique et de génie des matériaux 

École Polytechnique de Montréal 

Mémoire présenté en vue de l'obtention 

du diplôme de maîtrise ès sciences appliquées 

(Génie physique) 

Juillet 1998 

O Mathieu Allard, 1998 



National Library 1*I of Canada 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographic Services services bibliographiques 

395 Wellington Street 395. nie Wellington 
Ottawa ON K1A ON4 Ottawa ON K1A ON4 
Canada Cam& 

Your hie Votre relermce 

Our iik Norre reférence 

The author has granted a non- L'auteur a accordé une licence non 
exclusive licence allowing the exclusive permettant à la 
National Libraiy of Canada to Bibliothèque nationale du Canada de 
reproduce, loan, distribute or sell reproduire, prêter, distribuer ou 
copies of this thesis in microfonn, vendre des copies de cette thése sous 
paper or electronic formats. la forme de microfiche/nlm, de 

reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du  
copyright in this thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts fiom it Ni la thèse ni des extraits substantiels 
may be printed or otherwise de celle-ci ne doivent être imprimés 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



UNIVERSZTÉ DE MONTRÉAL 

ÉCOLE POLYTECHNIQUE DE MONTRÉAL 

Ce mémoire intitulé: 

Evaluation and Effects of Temperature in 

Optoelectronic Waveguide Devices 

présente par ALLARD, Mathieu 

en vue de l'obtention du diplôme de maîtrise ès sciences appliquées 

a été dûment accepté par le jury d'examen constitué de 

Prof. MEUNIER, Michel, Ph.D., président 

Prof. MASUT, Remo A., Ph.D., membre et directeur de recherche 

M. BOUDEAU, Marcel, Ph.D., membre et CO-directeur de recherche 

Prof. FAUCHER, Guy, D.Sc., membre 



SERVICE DES ÉTUDES 
SUPÉRIEURES 

AUTORlSATlON DE CONSULTATION ET DE REPRODUCTION 
(Documents et disquettes) 

DESCRIPTION DU DOCUMENT: 

Mémoire M.Sc.A.: 19% [7 Autre (sp6cifier): 

Disquettes incluses oui CI non @ 

Reproduction permise non 

Je declare par la présente être le se& auteur du document cite. 
- - 

J'autorise I'École Polytechnique de Montréal & prêter ce document d'autres institutions ou individus des 
fins d'étude ou de recherche. 

J'autorise également I'kole Polytechnique de Montrdal ou son contractant B reproduire ce document et a 
prêter OU vendre des copies de ce document aux personnes int6ress6es Zi des f ins df6tude ou de recherche- 

Cette autorisation ne peut &tre r6voqu6e. mais elIe n'est pas necessairement exclusive. Par ailleurs. je me 
reserve tous les-autres droits de diffusion ou de publication. 

98-OB -24  
Date 

La presente autorisation entre en vigueur B la date ci-dessus B moins que le Sewice des Btudes supérieures 
n'ait autorise son report une date ultdrieure. Dans ce cas, l'autorisation est reportde au 



Acknowledgements 

I would like to thank my directors, Dr. Remo Masut (École Polytechnique) and Dr. 

Marcel Boudreau (Nortel) for their suppon, advice and help. Many thanks also to al1 the 

people at Nortel who kindly helped me while 1 realized my project there, especially 

Robert Mallard, Scott Bradshaw, Claude Rolland, Arthur Smith and JefEey Yu. Thanks 

also to al1 the people who provided valuable advice and help at one point or another: 

Nicolas, Roxane, Stéphane, Laurent, Patrick, Damien, Dominique, etc. 

This work was funded in part by the National Science and Engineering Research Coun- 

cil (NSERC) via a Graduate Student Scholarship. 



Abstract 

The absorption of light and the passage of cunent in optoelectronic devices generate 

heat, which may significantly raise the interna1 temperature. This c m  result in poten- 

tially serious detrimental effects. The operation characteristics of the device can change, 

for example, the wavelength of emission of a laser or the switching voltage of a modu- 

lator. High temperatures can also trigger an accelerated degradation of the device, and 

thus affect its reliability. 

The present work has been canied out on a multi-purpose multiple-quantum-we11 

waveguide device, incorporating top metal contact electrodes. The device could serve as 

an electro-absorption or an electro-refraction modulator by making use of the quantum- 

confined Stark effect. Traditional techniques, such as infrared microscopy or photolu- 

minescence, can not be used on this device, because of the limitations imposed by its 

particular geometry. To study the thermal issues arising in the waveguide device, an 

experimental technique and an advanced thermal model were developed, both capable of 

measuring temperature in the device. The experimental technique uses liquid crystals to 

measure the maximum temperature present on the surface of the device for any combi- 

nation of applied voltage and photocurrent generated when light is absorbed. The tech- 

nique is easy to implement, inexpensive, fast and versatile. In conjunction with the 

experimental work, a finite-element 3-D thermal model of the waveguide device was 

construaed, to obtain the temperature in the active region of the device. The model 

taices into consideration the fact that both the optical absorption in the waveguide and 

the thermal conductivity of the various materials composing the device v w  with tem- 

perature. This requires the knowledge of the absorption coefficient in the waveguide, 

which was measured over broad ranges of voltage and temperature. The temperatures 



predicted by the model were compared to the experimental data: the agreement was 

found to be good in most conditions, thus proving the validity of the thermal model. 

The model has shown that thermal runaway can occur in the waveguide device under 

certain combinations of voltage and photocurrent. Thermal runaway results fiom the 

fact that optical absorption increases with temperature: this causes an additional heating 

that, in hm, raises the local temperature further. The cycle could repeat itself until 

damage is induced in the device, possibly leading to catastrophic failure. Another im- 

ponant achievement of both the model and the experimental technique was to produce 

evidence of a thermal cross-talk between the laser diode and the waveguide device in a 

hybrid configuration incorporating both devices. Thermal cross-talk causes the interna1 

temperature to be higher in hybrid devices than in stand-alone waveguide devices for 

identical voltage and photocurrent, due to the heat generated in the laser. This was 

corroborated by further expenments where the voltage and photocurrent leading to the 

instantaneous blow-up of the waveguide device were measured: the heat produced by 

the integrated laser causes the blow-up to happen at a lower voltage. 

A large number of devices corning fi-om nine different wafers, on which the absorption 

and the thermal behavior had already been measured, were submitted to high tempera- 

tures and voltages for extended periods of time to simulate accelerated aging, in order to 

evaluate their long-tem reliability. The correlation was evaluated between the absorp- 

tion in the waveguide, the temperature rise, blow-up voltage, other electro-optic quanti- 

ties and the failure rate during aging tests, as part of a search for early indicators of 

reliability. A good correlation was found between the optical absorption and the tem- 

perature rise. This analysis also suggests that a correlation exists between the absorption 

and the results of the aging tests: a poor performance in aging tests could be related to 

high absorption and temperature rise. This supports eventual design revisions in order to 

improve the performance under high-stress conditions and potentially the reliability of 

the waveguide device. 



Résumé 

L'absorption de lumière et le passage de courant dans un dispositif opto-électronique 

produisent de la chaleur qui peut entraîner une augmentation importante de la tempéra- 

ture interne. Les conséquences potentiellement néfastes sont multiples. Tout d'abord, 

les caractéristiques d'opération d'un dispositif seront altérées, par exemple, la longueur 

d'onde d'émission d'une diode laser ou la tension de commutation d'un modulateur 

optique. Une température élevée peut aussi provoquer une dégradation accélérée du 

dispositif et affecter sa fiabilité. 

Pour le présent travail, on a utilisé un dispositif à guide d'ondes à usages multiples, 

comprenant des puits quantiques multiples et des électrodes métalliques. Ce dispositif 

peut être utilisé comme modulateur à électro-absorption ou électro-réfiaction grâce à 

l'effet Stark à confinement quantique. Les techniques traditionnelles de mesure de 

température, telles la microscopie infrarouge ou la photoluminescencey sont ici inappli- 

cables à cause de la géométrie particulière du dispositif. Pour étudier les problèmes 

thermiques, une technique expérimentale et un modèle thermique ont été développés, 

tous deux capables d'évaluer la température du dispositif. La technique expérimentale 

permet la mesure de la température de surface au moyen de cristaux liquides. Elle est 

abordable, rapide, versatile et facile à utiliser. Parallèlement au travail expérimental, un 

modèle thermique tridimensionnel du dispositif à guide d'ondes a été construit, pour 

obtenir la température dans sa région active. Le modèle tient compte du fait que 

l'absorption optique dans le guide d'ondes et la conductivité thermique des divers maté- 

riaux présents dans le dispositif varient tous deux avec la température. Le coeflicient 

d'absorption optique, une donnée requise par le modèle, a été au préalable mesuré sur de 

larges plages de température et de tension. Quand les températures obtenues avec le 



modèle sont comparées aux données expérimentales, on trouve que l'accord est en géné- 

ral bon, démontrant ainsi la validité du modèle. 

Le modèle a démontré qu'un phénomène d'emballement thermique peut exister dans le 

dispositif lorsqu'il est soumis à des conditions de courant et de tension particulières. 

L'emballement thermique provient du fait que l'absorption optique augmente avec la 

température: la production de chaleur supplémentaire résultante augmente la température 

d'autant plus. Le cycle peut ainsi se répéter jusqu'à ce que la température soit suffi- 

samment élevée pour endommager ou détruire le dispositif. Un autre accomplissement 

important du modèle et de la technique expérimentale a été de mettre en évidence 

l'interférence thermique existant entre la diode laser et le dispositif à guide d'ondes dans 

un dispositif hybride incorporant les deux. À cause de l'interférence thermique, la tem- 

pérature est plus élevée dans le dispositif hybride que dans le dispositif à guide d'ondes 

seul, pour des tensions et de photocourants identiques. Ceci a été corroboré par une 

autre série d'expériences qui a montré que la tension et le photocourant provoquant la 

destruction subite du dispositif à guide d'ondes sont réduites dans un dispositif hybride, 

en raison de la chaleur générée par le laser. 

Des dispositifs à guide d'ondes provenant de neuf pastilles, dont l'absorption optique et 

le comportement thermique ont été mesurés, ont été soumis à des température et tension 

élevées pour provoquer un vieillissement accéléré, de  façon à évaluer leur fiabilité à 

long terme. On a évalué la corrélation entre le taux de défaillance durant ces tests et 

l'absorption optique, l'élévation de la température, la tension de destruction subite et 

d'autres données semblables, dans Ie but de trouver des indicateurs immédiats de la 

fiabilité. Une bonne corrélation a été trouvée entre l'absorption optique et l'élévation de 

température. Une corrélation raisonnable existe également entre l'absorption et la per- 

formance au cours des tests de vieillissement accéléré. Ceci suggère des modifications 

possibles au design du dispositif pour améliorer sa penormance face à des conditions 

d'opération extrêmes et, ainsi, améliorer sa fiabilité. 



Condensé français 
Comportement thermique de dispositifs 
opto-électroniques à guides d'ondes 

Les systèmes de télécommunication à fibres optiques font fréquemment appel à des 

dispositifs opto-électroniques pour accomplir diverses tâches telles la production de 

lumière, la modulation des signaux optiques et leur détection. Ces dispositifs, souvent 

composés de matériaux semi-conducteurs, sont très sensibles aux changements de tem- 

pérature interne. Celle-ci influence profondément leur fonctionnement; de plus, une 

température interne élevée risque de provoquer une dégradation accélérée du dispositif. 

Étant donné que les puissances lumineuses utilisées dans ces dispositifs sont en aug- 

mentation constante, les problèmes reliés à I'échauffernent interne prennent de plus en 

plus d'importance dans le contexte actuel. A cet effet, il est essentiel de  bien c-aractéri- 

ser cet échauffement et ses conséquences sur le fonctionnement et la fiabilité des dispo- 

sitifs opto-électroniques. 

Description des dispositifs o~to-électroniques 

Dans les systèmes de télécommunication actuels, dont les débits de transmission peuvent 

atteindre les centaines de milliards de bits par seconde, la lumière est habituellement 

produite par une diode laser polarisée en continu, alors que la modulation du signal 

optique est accomplie par un second dispositif, le modulateur. Ces deux dispositifs 

utilisent une géométrie de type guide d'ondes. Le passage du courant et l'absorption de 

lumière dans ces dispositifs y engendrent un échauffement interne pouvant ê e  considé- 

rable. À cause de la variation de la bande interdite du semi-conducteur avec la tempé- 



rature, cette dernière affecte profondément les propriétés des dispositifs opto- 

électroniques. Par exemple, dans une diode laser, l'efficacité interne et la longueur 

d'onde d'émission varient toutes deux avec la température. Typiquement, dans un guide 

d'ondes, l'indice de réfiaction et l'absorption optique varient tous deux avec la tempé- 

rature. Une haute température pourra également causer un vieillissement prématuré du 

dispositif et affecter sa fiabilité à long terme. 

De façon à quantifier I'échauffement interne, de nouvelles techniques doivent être dé- 

veloppées; celles-ci doivent être peu dispendieuses, versatiles, posséder de bonnes réso- 

lutions spatiale (-1 pm) et en température (-1°C) et ne pas requérir de préparation éla- 

borée des échantillons. Malheureusement, les techniques traditionnelles ne peuvent pas 

être appliquées à ce problème. Par exemple, la microscopie infrarouge possède une 

résolution spatiale insuffisante, et toutes les méthodes utilisant une sonde optique @ho- 

toluminescence, spectroscopie Raman, etc.) sont inapplicables puisque les régions 

d'intérêt sont recouvertes d'électrodes métalliques opaques. Ce document présente une 

technique novatrice utilisant des cristaux liquides pour mesurer la température à Ia sur- 

face de ces dispositifs. 

Les dispositifs utilisés pour ce travail sont des dispositifs à guide d'ondes contenant des 

puits quantiques multiples et pouvant accomplir plusieurs fonctions. Les couches semi- 

conductrices y forment une jonction p-i-n qui permet d'établir un champ électrique dans 

les puits quantiques lorsqu'elle est polarisée en inverse. À cause de l'effet Stark à con- 

finement quantique, ceci engendre un changement de l'indice de réfiaction et du coefi- 

cient d'absorption optique dans le guide. Selon la grandeur des tensions appliquées, le 

dispositif peut être utilisé comme un modulateur d'intensité à électro-absorption ou 

comme un modulateur de phase à électro-réfraction. Deux variantes du dispositif ont été 

utilisées: dans la première, I'électrode recouwant le guide est presque carrée 

(220 x 200 p), alors que dans l'autre, elle est longue, fine et confinée au-dessus de 

l'arête formant le guide (600 x 2 pm). Enfin, pour certaines utilisations, il est utile de 



joindre une diode laser au dispositif à guide d'ondes, pour disposer d'une source lumi- 

neuse intégrée; dans ce cas, on parle de confiiguration hybride. 

Méthode de mesure de température a cristaux liauides 

La méthode expérimentale présentée dans ce chapitre utilise la transition entre les phases 

nématique et isotrope d'un cristal liquide (CL) pour mesurer la température à la surface 

d'un dispositif opto-électronique. Dans la phase nématique, toutes les molécules du CL 

ont leur axe principal orienté dans la même direction, et le CL est biréfringent, alors que 

dans la phase isotrope, l'orientation de chaque molécule est aléatoire et il n'y a pas de 

biréfîingence. Cette transition, qui se produit à une température connue, peut être ob- 

servée au moyen d'un microscope possédant deux filtres polarisant croisés: un près de la 

lampe et un dans l'oculaire. Le dispositif recouvert de cristal liquide apparaît en clair, 

alors que les régions où la température de surface dépasse la température de transition 

seront sombres. II est possible d'ajuster la puissance optique injectée dans le guide 

d'ondes de façon à ce que la tache sombre rapetisse jusqu3à ne devenir qu'un fin point 

noir, sur le point de disparaître : dans ce cas, la température maximale retrouvée à la 

surface du dispositif est égale à la température de transition du CL. 

La technique est utilisée de la façon suivante : des tensions variant de 5 à 9 V sont appli- 

quées au dispositif à guide d'ondes, la puissance optique est ajustée comme indiqué ci- 

dessus et le photocourant (courant généré par l'absorption de lumière) à ce point est 

enregistré. Pour élargir la plage de température pouvant être étudiée de la sorte, trois 

cristaux liquides sont utilisés, dont les températures de transition sont 42, 58 et 73T. Le 

résultat est une série de courbes sur un graphique donnant la température maximale à la 

surface en fonction du photocourant et de la tension. On y voit que la température aug- 

mente avec ces deux quantités, puisque la puissance électrique dissipée sous forme de 

chaleur est donnée par le produit de celles-ci. Cependant, la relation entre la tempéra- 

ture et le photocourant est super-linéaire et non pas linéaire: la raison en est qu'à mesure 

que la température croît, le coefficient d'absorption dans le guide augmente aussi, de 



sorte que la lumière est complètement absorbée dans une plus courte portion du guide. 

La production de chaleur étant confinée dans une plus petite région, la température 

augmente d'autant plus rapidement. 

Ces mesures ont été réalisées sur des dispositifs seuls (pour lesquels la lumière provenait 

d'un laser externe) et hybrides, provenant de la même pastille. Sur les dispositifs hybri- 

des, la température mesurée est significativement plus élevée que sur les dispositifs 

seuls, pour des courant et tension simiiaires, à cause de l'échauffement additionnel 

provenant du laser avoisinant. Il s'agit là de la preuve de l'existence d'une interférence 

thermique entre le laser et le dispositif à guide d'ondes. Des mesures faites sur des 

dispositifs à électrode étroite ont également montré que l'élévation de température varie 

significativement d'une pastille à I'autre mais peu entre les dispositifs provenant d'une 

même pastille. On croit que ces différences proviennent de différences entre 

l'absorption optique dans te guide d'une pastille à I'autre. 

Bien que la méthode à CL ait fourni des résultats très satisfaisants, il subsiste des pro- 

blèmes ayant trait à l'obtention d'un film mince (- 5 prn) et uniforme à la surface du 

dispositif. Ces problèmes n'ont pas été complètement résolus à ce jour; bien qu'ils 

compliquent les mesures, la qualité des résultats n'en a pas souffen. 

Mesures de tension de défaillance subite 

Si la tension électrique appliquée à un dispositif est augmentée progressivement pendant 

que la puissance optique est maintenue constante, il advient un point où une destruction 

subite du dispositif se produit. Cette destruction survient suite à un échauffement exces- 

sif causant des dommages importants au dispositif. La mesure de la tension menant à la 

destruction subite constitue une indication de la robustesse du dispositif à ce type de 

défaillance. De telles mesures ont été effectuées sur des dispositifs à guide d'ondes à 

électrode étroite, en utilisant soit un laser intégré comme source lumineuse, soit un laser 

externe. 



Après que la mesure ait été faite sur un grand nombre de dispositifs, le résultat est une 

série de points sur un graphique courant - tension, où chaque point correspond à une 

condition de défaillance. Ces points définissent l'ensemble des conditions pouvant 

causer la destruction immédiate des dispositifs. La conclusion la plus importante de ces 

expériences est que les défaillances subites surviennent à des courants et tensions moins 

élevées dans les dispositifs hybrides. Ceci est dû à l'échauffement engendré par le laser 

qui vient s'ajouter à celui déjà présent dans le guide d'ondes, augmentant ainsi la tempé- 

rature interne des dispositifs. Cela signifie que l'interférence thermique entre le laser et 

le dispositif à guide d'ondes risque aussi de réduire la robustesse du dispositif dans des 

conditions menant à des températures internes élevées, et ainsi d'affecter potentiellement 

la fiabilité du dispositif. 

Mesures d'absorption dans le guide d'ondes 

Il est impératif de connaître le coefficient d'absorption dans le guide d'ondes en fonction 

de la température et de la tension appliquée, pour le travail de modélisation présenté au 

prochain chapitre. Deux séries de mesure ont été nécessaires. Dans un premier temps, 

on a calculé le coefficient d'absorption dans le guide sous une électrode longue de 

600 pm, à partir de la mesure du photocourant et de la puissance optique à la sortie du 

guide, sur des plages de O à 10 V et de 10 à 70°C. L'atténuation maximale pouvant être 

mesurée de cette façon est d'environ 40 dB; une seconde série de mesure est nécessaire 

pour élargir la plage de conditions étudiées. Pour cela, un dispositif arborant une géo- 

métrie planaire, semblable à celle d'une photodiode, a été utilisé. Le photocourant y a 

été mesuré en fonction de la tension à des températures allant jusqu'à 220°C. Il est 

possible de combiner le résultat des deux ensembles d'expériences pour obtenir le coef- 

ficient d'absorption dans le guide sur des plages de 10 à 220°C et de O à 10 V. 

Ces expériences montrent que l'absorption varie presque linéairement avec la tempéra- 

ture aux tensions élevées (près de 10 V), alors qu'elle augmente exponentiellement aux 

basses tensions (moins de 3 V) jusqu'à 180°C. Aux basses températures, l'absorption 
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augmente rapidement avec la tension, mais autour de 160°C, elle est virtuellement indé- 

pendante de la tension. L'absorption a également été mesurée sur des dispositifs prove- 

nant de plusieurs pastilles, ce qui permet d'étudier les différences d'une pastille à l'autre. 

Des différences significatives ont été trouvées, qui pourraient expliquer les différences 

observées d'une pastille à l'autre au cours des mesures de températures avec la méthode 

de cristaux liquides. 

Enfin, ia dépendance de l'absorption face à la longueur d'onde a été étudiée. Cette 

analyse révèle que la température et la longueur d'onde ont des influences semblables 

sur l'absorption optique. 

Modélisation thermique 

La méthode de CL ne fournit que la température à la surface des dispositifs, alors que 

c'est la température interne qui régit le fonctionnement du dispositif La façon la plus 

simple d'obtenir celle-ci est de construire un modèle thermique du dispositif, donnant la 

température interne en fonction de la tension appliquée et de la puissance optique (ou du 

photocourant). Ce modèle a été créé avec l'aide du logiciel Algor, qui utilise un algo- 

rithme d'éléments finis pour calculer le profil de température dans le dispositif pour 

diverses combinaisons de tension et de photocourant. L'originalité de ce modèle est 

qu'il est inhomogène, à cause des multiples matériaux constituants, et non-linéaire, à 

cause de la dépendance en température du coefficient d'absorption et de la conductivité 

thermique du semi-conducteur. 

La conductivité thermique des divers semi-conducteurs et l'expression de sa dépendance 

envers la température ont été trouvées dans la littérature scientifique sur le sujet. Pour 

tenir compte de cette dépendance, le modèle fait appel à la méthode de transformation de 

la température, conçue par Kirchoff. De même, plusieurs itérations dans le modèle sont 

nécessaires pour résoudre le problème de la dépendance en température de I'absorption 

optique et de celle de la génération de chaleur qui s'ensuit. Le résultat de cette analyse 



est un profil de température tridimensionnel dans le dispositif pour une combinaison 

donnée de photocourant et de tension. L'ensemble des combinaisons courant -tension a 

été étudié de cette manière, pour des dispositifs seuls ou hybrides, possédant une élec- 

trode étroite ou large. Ces résultats peuvent être présentés efficacement sous la forme de 

cartes de températures donnant la température maximale à l'intérieur de la région active 

du dispositif en fonction du photocourant et de la tension, au moyen d'une échelle de 

couleur. Les prédictions du modèle peuvent être comparées directement avec les résul- 

tats expérimentaux pour vérifier la validité du modèle. 

Le modèle montre que la température interne augmente de façon superlinéaire avec le 

courant et aussi avec la tension. 11 existe certaines combinaisons courant - tension pour 

lesquelles aucune solution stable n'est trouvée avec le modèle : ceci est dû à un phéno- 

mène d'emballement thermique. Le passage d'un photocourant échauffe la région 

active, ce qui augmente la température interne et, par conséquent, le coefficient 

d'absorption; ceci confine encore plus l'échauffement et augmente localement la tempé- 

rature. Ce cycle peut se répéter jusqu'à ce que la température soit suffisamment élevée 

pour endommager le dispositif: on parle alors d'emballement thermique. Sur les graphi- 

ques, ceci se manifeste par une soudaine augmentation de la température quand le pho- 

tocourant dépasse un certain seuil. 

Le modèle confirme également la présence d'une interfërence thermique entre le laser et 

le dispositif à guide d'ondes dans les dispositifs hybrides. Une comparaison des résul- 

tats du modèle et de ceux obtenus expérimentalement montre un bon accord entre les 

deux, démontrant la validité du modèle. Le seul écart important est que le modèle prédit 

que l'emballement thermique se produit sous des conditions plus faibles (courant ou 

tension plus petits) que ce qui est observé expérimentalement. Ceci pourrait être le 

résultat de la grandeur finie des éléments, qui pourrait causer des erreurs importantes 

dans les conditions ou l'absorption de lumière est concentrée dans une très petite région. 

Enfin, le modèle montre que l'électrode large mène à des températures internes plus 
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basses qu'une électrode étroite, pour des courants et tensions semblables, à cause du fait 

que l'électrode large est mieux en mesure d'extraire la chaleur de  la région chaude. 

Comparaison des quantités électro-optiques 

Une façon typique d'évaluer la fiabilité à long terme de dispositifs à semi-conducteurs 

est de les placer dans des conditions de stress thermique, électrique et optique élevés, de 

façon à provoquer un vieillissement accéléré. Il est alors possible d'étudier les méca- 

nismes de dégradation sur des périodes de temps bien inférieures au temps de vie de 

vingt ans prescrit habituellement pour ces dispositifs. Cette méthode permet aussi de 

rejeter des lots de dispositifs qui sont sujets à une dégradation trop rapide. Le coût 

associé à ces tests est cependant élevé, puisqu' ils s'étendent habituellement sur plusieurs 

mois, et il serait utile de posséder des indicateurs immédiats d e  la performance d'un lot 

de dispositifs aux tests de vieillissement accéléré, de façon à éliminer les mauvais lots 

avant même qu'ils ne subissent ces tests. 

Les données recueillies au cours de ce travail se prêtent très bien à la recherche de tels 

indicateurs. Pour ce faire, les mesures de I'élévation de température et de l'absorption 

optique ont été comparées entre elles et avec les résultats des tests de vieillissement 

accéléré. Une série de mesures supplémentaire a également permis d'ajouter à cette liste 

la tension donnant lieu à une destruction subite du dispositif, le courant de fuite et la 

tension engendrant un changement de phase de la lumière à la sortie du guide d'ondes de 

?c radians. Cette tension est notée V,, et est importante si le dispositif est utilisé comme 

modulateur de phase. En utilisant les données recueillies sur chaque pastille, la corréla- 

tion pour chaque paire de variables a été évaluée. Les résultats de cette étude montrent 

que l'absorption mesurée sur chaque pastille exhibe une bonne corrélation avec 

l'élévation de température, ce qui s'explique par le fait que la première constitue la 

cause de Ia seconde. Ces données montrent aussi une bonne corrélation avec Y,, corn- 

préhensible parce que l'absorption et le changement d'indice de  réfraction sont liés par 

les relations de Kramers-Kronig. Aucune corrélation claire n'est observée entre ces 
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variables et la tension de défaillance instantanée et le courant de hite. Quant aux résul- 

tats des tests de vieillissement accéléré, on peut observer une faible corrélation avec 

l'absorption dans le guide. Ceci n'est pas sufisant pour afEkmer que l'absorption est un 

bon indicateur de la performance des dispositifs au cours des tests de vieillissement 

accéléré, mais suggère qu'une façon d'améliorer cette performance serait d e  modifier le 

design de ces dispositifs de façon à réduire l'absorption. Cette étude doit cependant être 

étendue à un plus grand nombre de pastilles pour soutenir cette afTïrmation. 

Conclusion 

La technique de 

travail ont tous 

cristaux liquides 

deux démontré 

et le modèle thermique développés au cours de ce 

leur utilité pour l'étude des problèmes reliés à 

l'échauffement interne dans les dispositifs opto-électroniques. La preuve de l'existence 

de I'interférence thermique entre le laser et le dispositif à guide d'ondes dans les dispo- 

sitifs hybrides et I'étude du phénomène de I'emballement thermique constituent des 

exemples de résultats tangibles de ces techniques. Ces outils, maintenant amvés à matu- 

rité, sont disponibles pour participer à des investigations de plus grande envergure, telle 

la recherche d'indicateurs de la performance des dispositifs au cours des tests de vieillis- 

sement accé1éré. 
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Introduction 

Everyone now acknowledges the importance of information in the modem world. The 

recent yean have been the scene of a major revolution in the way information is ac- 

quired, transferred and treated. At the center of this revolution is the phenomenal 

growth of the Internef which now provides a way for people al1 around the world to 

communicate freely, without regard to the physical distance separating them. To sustain 

the rapid growth of the telecommunication networks, pressure has been put on the in- 

dustry to corne up widi new equipment capable of ever-increasing transmission rates. 

The manufacturers have answered this demand with a multitude of new components and 

technologies. n i e  result is that one single optical fiber can now transmit hundreds of 

billions of bits of information per second over distances of hundreds, even diousands of 

kilometers. The components needed for hi&-speed transmission ofien make use of 

semiconductors to achieve different functions, such as light emission, modulation, rout- 

ing and detection. Because they conduct electricity and guide light at the same time and 

present a good similarity with microelectronic integrated circuits, they are called optoe- 

Iectronic components. 

The data rate and optical powers transmitted over optical fibers have steadily increased 

over the years. The capacity and reach of optical fiber links have grown accordingly. 

This has unfortunately raised a number of new concerns. For example, one comrnon 

detrimental side effect of increasing the optical power in optoelectronic components is to 

raise the temperature inside the devices because of the increased intemal heating. The 

consequences of the temperature change are numerous and varied. In laser diodes, 

temperature has a strong influence on the efficiency, the wavelength of emission and the 

long-term reliability of the device; these issues have been studied extensively 111. In 



non-light-emibing devices such as optical modulators and switches, both the device 

operation and its reliability are affected by temperature; because these components are 

relatively new, little effort has been devoted to the study of thermal issues until now. It 

is nooetheless important to develop a good understanding of these issues, in order to 

continue to produce efficient and reliable optoelectronic cornponents for optical fiber 

communications. 

New tools need to be developed to study the temperature increase in optoelectronic 

devices under various operating conditions, and, reciprocally, how temperature affects 

the device operation. Two such tools were developed in the course of  this work and are 

described in this document. The first one is an experimental technique that uses liquid 

crystals to measure the temperature on the surface of an optoelectronic chip. It is pre- 

cise, simple and inexpensive, but has one serious drawback: it does not reveal the tem- 

perature inside the device, which would constitute the most important information, since 

the operation of the device is Sected mainly by the intemal temperature. An efficient 

way of obtaining this information is to construct a thermal model of the device. With a 

cumputerized model, a complete three-dimensional temperature profile in the device can 

be obtained for any combination of operating conditions (currenc voltage, optical power, 

etc.). The advantage of proceeding with both an experimental technique and a model is 

that it is possible to compare the predictions of the model with experirnental data to 

assess the validity of the model. 

The two techniques are considered to be characterization tools, now mature enough so 

that they can take part in more comprehensive investigations. Two examples of such 

applications are given in this document: the activation energy estimation for the long- 

term degradation of the waveguide device (chapter s), and the correlation of electro- 

optic properties, temperature rise and device lifetime under hi&-stress conditions 

(chapter 6). These investigations could produce information useful not only for research 

purpuses, but also to commercial interests. 



This document is divided in six chapters. The first explains the role played by optoelec- 

tronic devices in optical fiber telecommunications and the importance of thermal issues, 

and describes the sarnples on which the experiments have been cm-ied out  The second 

chapter describes the liquid-crystal technique and shows the results of the rneasure- 

ments. The third chapter then presents the results of blow-up experiments performed on 

waveguide devices, which provide additional insight into the thermal issues arising in 

these devices. The fourth chapter describes the measurements of the optical absorption 

in the waveguide; this data is required to proceed with thermal modelling, which is the 

subject of the fiflh chapter. The last chapter combines the data obtained from each set of 

experiments to investigate the existence of early indicators of the performance of the 

waveguide devices in aging tests. Even though al1 chapters are meant to be independent, 

the results from each set of experiments will be put in relation with each other as they 

are presented. 



Chqter I 
Optoelectronic Components in Optical Fiber 
Communications 

The ever-increasing trmc on telecommunication networks and the extremeiy rapid 

growth of the Intemet have fùeled over the pst  yean the demand for high-bandwidth, 

cheap telecommunications Links. At the same time, the advent of new technologies and 

cornponents developed for optical fiber communications, such as fiber-based amplifiers 

and optical modulators, have permitted the industry to feed the demand with new sys- 

terns capable of higher-speed and longer-distance communications. For example, in 

1998, Nortel's best system is capable of delivering 160 billions bits of information per 

second in one single optical fiber. As the optical power and the data rate continue to 

increase, the rnanufacturers of these systems are faced with new problems. Among 

them, the increased heating generated in optoelectronic components is becaming a 

source of great concern, and the industry is devoting growing efforts to address this 

issue. 

This first chapter gives an overview of how optoelectronic components are used in 

optical fiber systems. It also explains how high temperatures affect them and reviews 

the existing methods of measuring the temperature in optoelectronic devices. Finally, 

the devices on which the experiments have been performed are described in detail. 
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Fie. 1.1 - Modern O~tical  Fiber Telecornmunication Link 

1.1. Use of Optoelectronic Components in Optical Fiber 
Communication Svstems 

In a traditional optical fiber Iink, the light source is usually a laser diode, and intensity 

modulation is achieved through direct laser current modulation. Light is guided through 

a standard, non-dispersion-shifted single-mode fiber. On the other side of the fiber, a 

photodetector converts the optical signal back into electncal current; it is usually a sim- 

plep-i-n photodiode or an avalanche photodiode. The maximum data rate and distance 

achieved with this scheme are typically 2.5 GWs over 100 km. 

In recent years, new devices have been developed, such as the Erbium-Doped Fiber 

Amplifier (EDFA), optical modulators and optical wavelength thmbiners and splitters, 

which revolutionized optical fiber communications. The advent of the EDFA reduced 

the use of expensive repeaters to regenerate optical signals, and increased the reach of 

transmitters at a low cost. Another innovation is Wavelength-Division Multiplexing 

(WDM), where multiple optical signals at closely spaced wavelengths are injected and 

carried in one single fiber. The main advantage of WDM is that one single EDFA 

placed in series with the fiber can ampli& al1 channels sirnultaneously, since the gain in 

the EDFA covers a relatively large spectrum, typically from 1525 to 1565 nrn [2]. It is 



now possible to increase enormously the capacity of transmission of already laid fiber by 

upgrading conventional systems to WDM. Actual commercial systems now possess 

typically up to 16 channels at 2.5 or 10 Gbit/s each. New high-performance systems 

aiso use dispersion-shifted fibers, where the core structure has been modified so that the 

zero of dispersion is moved from 1.3 pn to 1.55 pm. Dispersion is no longer a limita- 

tion in this case, and with EDF& the transmission distance is virtually lirnitiess. The 

industry is looking fonvard to increase the number of channels to up to 128 or more in a 

near future, with transmission rates eventually up to 40 Gbit/s per channel. 

Figure 1.1 shows what a modern fiber link looks like. On the transmitter side, a set of 

laser diodes are DC-biased, al1 emitting light at slightiy different but very stable wave- 

lengths. Intensity modulation is achieved by hi&-speed optical modulators, which are 

capable of faster switching than lasers. The modulators also resolve the problem of the 

laser chirp: the wavelength of emission of a laser diode changes with the drive currenf 

because of the varying carrier density in the active region. This is the cause of problems 

when the laser current is modulated at high frequencies. The optical signals are then 

injected in a single dispersion-shifted fiber. Approximately every hundred of kilome- 

ters, an EDFA amplifies the signal. On the receiver side, a wavelength splitter separates 

the channels, each one being sent to a distinct high-bandwidth pi-n photodiode. 

Many optoelectronic components exist in this systern. The laser diodes, modulators and 

photodetectors al1 rely on III-V semiconductors, most ofken of the In&a,As,Pi, sys- 

tem, to create a bridge between light and electricity. Both the laser and the modulator 

are waveguide devices. The main advantage of a waveguide conQuration is the in- 

creased eficiency over bulk devices, since electro-optic effects are confined to a smaller 

region; the electrical capacitance associated with such devices can dso be considerably 

smaller, allowing faster operation. Eventually, photodetectors could also be made in 

waveguides to achieve ultra-high speed operation. Aside from these components, many 

novel optoelectronic devices are entering the market Arnong them are integrated cou- 



plers, optical cross-point switches and serniconductor-based wavelength combiners and 

splitters that are expected to replace the ones made of fibers and filters. 

1.2. Effect of Temperature 

Temperature has a strong influence on optoelectronic devices, mostly because it affects 

the band gap of the semiconductor material. This can have various consequences, de- 

pending on which device is considered. In laser diodes, the heat generated by the pas- 

sage of current modifies the intemal efficiency and the wavelength of emission, which 

can have adverse consequences in WDM systems. In active but non-light-emitting 

devices, such as optical modulators and switches, the heating is usually the result of the 

absorption of light or of the passage of current. For example, in an electro-absorption 

modulator, a photocurrent is generated when light is absorbecl, which heôts up the active 

region of the device. High temperature has two kinds of effects. First, it can signifi- 

cantly affect the operation of the device, since most electrical and opticaI properties of a 

semiconductor, such as the absorption coefficient and the refiactive index, change with 

temperature. This will m o d e  the operation characteristics of the device, such as the 

propagation Ioss in the waveguide or the switching voltage of a rnodulator. There is also 

a possibility of an accelerated aging of the device, which could reduce its service Me. 

The specification for the service life of any optoelectronic component is most often in 

excess of 20 years, making them very sensitive to aging issues. 

One way of testing the reliability of optoelectronic devices is to observe the degradation 

they suffer when they are submitted to high temperature (1 00 - 200°C) and optical and 

electrical stresses for long periods of time. Frorn these high-stress tests, it is possible to 

ve* that the devices are not subject to premature degradation or failure. To fully 

understand the significance of the results of these tests, it is essential to understand how 

temperature affects the device, and also to know exactly the interna1 temperature during 

the test. Thus, thermal issues are deeply involved in reliability testing, providing one 

more argument for the importance of this study. 



1 -3. Methods of Temilerature Evaluation 

A large part of this shidy has been devoted to the development of methods of evaluating 

the temperature inside a waveguide device under different conditions of operation. One 

way to proceed is to constnict a thermal mode1 of the device. However, an experimental 

technique is also needed to validate the mode1 predictions. What is needed is a tech- 

nique that can directly rneasure the temperature in waveguide devices while light is 

injected into the waveguide and electncal contact is established with a voltage source. 

Methods of temperature evaluation have been already developed for microelectronic 

integrated circuits; the situation in optoelectronic devices is more complicated, because 

of the need to inject light into the waveguide. The requirements for the technique are as 

foItows: 

Low cost; 

Versatility, or the potential to be used on dEerent optoelectronic devices (lasers, 

moduIators, optical switches, etc); 

High spatial resolution, in the order of 1 ym, as the waveguide width is usually 

around 2 pm; 

Good temperature resolution, 1 OC or better, 

No requirement for cornplicated sarnple preparation; 

Possibility of bringing electrical probes and tapered fibers (for light injection) close 

to the device. 

However, a literature review of al1 the techniques available for direct temperature meas- 

urements on this kind of device shows that most of them are not suitable for the task 

exposed here. The following is a list of the most fiequent techniques mentioned in the 

literature, and why they can not be used in this case: 



+ InfaredMcroscopy: this technique is relatively simple and not very expensive; the 

black-body thermal radiation emitted by the sample surface is measured to produce a 

temperature map of the device [3,4]. Infiared microscopy does not work very well 

on reflective metal surfaces, which is a problem in the case of waveguide devices, 

which are usually covered by gold electrodes. The spatial resolution is also a prob- 

lem; the best resolution reported is 5-10 Pm, due to the long wavelengths used, 

which is insufficient for the needs of this study. 

+ Phofolzminescence (PL) Peak: one can deduce the temperature of a semiconductor 

material by looking at the wavelength corresponding to the peak intensity of the PL 

[5 ] .  The PL peak wavelength givw, in a Fust approximation, the band gap of the 

semiconductor, which varies with temperature. Once this dependence is known, the 

interna1 temperature can be found accurately. To obtain the temperature in the active 

region of a device employing multiple quantum wells, one has to look at the PL as- 

sociated with the wells. The spatial resolution of this technique is sufficient; how- 

ever, it can not be used because the gold electrodes that cover the waveguide and the 

backside of the chip prevent light from reaching the active region or corning out of it 

through the device surface. Since the top electrode must be kept in place for electro- 

optic effects to take place, it would be necessary to etch windows in the backside 

electrode. This is a very complicated process, incompatible with the basic require- 

ment for little sarnple preparation and versatility of the technique. 

* Photoreflectmce Meenments: in a laser diode, it is possible to measure the tem- 

perature at the facet by looking at the change in reflectance on the semiconductor 

surface with an optical probe [6 ] .  This technique c m  not be used on the waveguide 

devices used for this work, where the exposed facets lie fàr from the hot region. 

Even if the device were cleaved in such a way that the facets would be near the hot 

region, the change in geometry would certainly alter the temperature profile. 



+. Raman Spectroscopy: the Raman spectrum can also give information about the 

temperature of a semiconductor matenal [6,7]. However, this technique also re- 

quires an exposed hot surface of serniconductor materiai, and is not suited for this 

task. 

One method that can be utilized successfully for the present task is the Lipid CrysfaZ 

Technipe, used extensively on integrated circuits. Although it can only measure the 

surface temperature of the chip, that is, on the gold electrode covering the waveguide, it 

is a simple, low-cost technique that can be easily adapted to study a wide range of de- 

vices. It also requires a minimum of sample preparation. The spatial resolution of the 

technique is determined by the microscope used to observe the sample, and is l e s  than 

one micron. The temperature resolution also compares advantageously to that of other 

techniques. n i e  liquid-crystal technique will be descnbed in detail in chapter 2. 

1.4. Description of the Waveguide Devices 

The experiments described in this document have been carried out on one type of device. 

It is a ridge waveguide device, covered by a gold electrode. By applying a voltage to the 

device, electro-optic effects are induced, which change the refiactive index and the 

absorption coefficient in the waveguide. The device could serve as a modulator for 

exarnple, using either electro-absorption or electro-refraction to achieve intensity or 

phase modulation. Figure 1.2 shows the cross-section of the ridge and the material 

composition- The semiconductor structure is grown in a MOCVD reactor on an n-doped 

M wafer. The active region, which also acts as the guiding layer, is composed of 20 

undoped InGaAsP quantum wells. An InGaAs layer has been placed under the active 

layer to absorb the stray light that could escape the guiding layer, while another one on 

top of the ridge serves as a cap layer to ensure good electncal contact with the gold 

electrode covenng the waveguide. The ridge is about 2 pn wide and 3 pm high, and 

comprises the multiple quantum wells (MQW); this structure acts as a single-mode 

waveguide. The sides of the ridge are covered with PECVD-grown SiOz and S N x .  Two 
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Fig. 1.2 - CrossSection of the Waveguide Device 

Fig. 1.3 - Narrow-Electrode (ieft) and Large-Pad (right) Devicev 

different geornetries exist for the electrode covenng the ridge, as shown in figure 1.3. 

The fnst is a large rectangular electrode, 220 p - l o n g  (in the direction of the ridge) by 

200 pm-wide, with air bridges connecting the section covering the ridge to the sur- 

rounding pad. The second type of electrode used is narrow and 600 pm-long, and cov- 

ers only the ridge itself. The purpose of the two designs will be explained shortly. The 

gold electrode r a t s  on two thin layers of platinum and titanium that act as an adhesion 

layer and a diffusion barrier respectively. The backside of the chip is entirely covered 

by a NiGeAu electrode for n-side electrical contact. 
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Fig. 1.4 - Explmation of the Quantum-Confmed Stark Effect 
Left: E = O: Right E # O 

The doping in the semiconductor layers forms ap-i-11 junction within the ridge; when the 

junction is reverse-biased by grounding the n-side electrode and applying a negative 

voltage to the top, p-side electrode, a perpendicular elecPic field appears across the 

quantum wells. Because of the quantum-confined Stark eRect (QCSE), the elecmc field 

modifies the effective band gap in the wells, which results in changes in the refractive 

index and the absorption coefficient in the waveguide. The QCSE is briefly explained 

by figure 1.4: the presence of an electnc field bends the conduaion and valence bands, 

which reduces the effective band gap. When a photon is absorbed, it generates a hole - 
electron pair, both rapidly swept away by the electric field. The current generated by 

this process is called the photocurrent It is the passage of this current, more than just 

the absorption of lighc that heats up the active region. 

The device can filfil1 two fùnctions. With a large enough voltage, al1 the light can be 

absorbed over the length of the electrode, and the device can serve as an electro- 

absorption modulator. If only a rnoderate voltage is applied, the absorption is srnall but 

the refractive index still changes suficiently so that the device can be used as a phase 

modulator or, when plîced in a Mach-Zehnder interferorneter, as an intensity modulator. 

For high-speed modulation, the long and narrow electrode design must be used, because 

its long length maximizes the net electro-optic effect. In contrast, a large rectangular 



pad is better suited 

Fig. 1.5 - The Hybrid Device 

for dissipating the large arnount of heat produced when light is ab- 

sorbed, and is capable of sustaining high voltage and photocurrent without damage. 

However, the large area results in a large e l e h c a l  capacitance, incompatible with high- 

speed modulation, and the device would better serve as  a D.C. variable attenuator for 

large optical signals. 

For certain experiments, it is useful to have a light source adjacent to the waveguide 

device, to remove the need for an extemal light source and the troublesome operation of 

using a lens assembly or a tapered fiber to couple the light into the waveguide. A laser 

diode can be attached to the waveguide device for that intent. These so-called hybrid 

devices are built by approaching the laser and the waveguide device so that the two 

facets touch each other, and gluing the devices together with transparent epoxy. The 



result can be observed in the pichire shown in figure 1.5, where the laser is seen on top 

and the waveguide device on the bottom, with the large gold pad clearly visible. The 

whole operation is tirne-consurning, so this kind of device is used only when having an 

extemal light source is impracticd. Otherwise, when the waveguide device stands 

alone, it is referred to as a discrete device. 

Ail the samples were glued to aluminum nitride (AIN) chip carriers, to facilitate the 

handling of the small and fragile chips. The carriers are small rectangular pieces of 

cerarnic, roughly 9 x 6 x 1 mm. The chips are glued to the carriers using either a gold- 

tin soldering alloy (for discrete devices) or a silver-based, electrically conducting epoxy 

(for hybnd devices). nie latter is more stable at high temperatures, and reduces the nsk 

of cracking of the butt-joint during high-temperature tests. The device contact pads are 

connected to large gold contact pads on the carriers with fine gold wires, making the 

electrical connections to the device easy to establish. The metal electrodes are exposed 

to air. 



Chapter 2 
Liquid-Crystal Temperature Measurements 

The liquid crystal (LC) technique has been selected as the rnethod of choice for meas- 

uring the temperature on the surface of optoelectronic devices because of its simplicity, 

low cost, versatility and good spatial and temperature resolutions. In this chapter, the 

general properties of LC are reviewed and the technique itself and the setup are de- 

scribed in detail. Finally, a collection of the most significant results is presented and 

discussed. 

2.1. Properties of Liquid C-stals 

Al1 LC share one property: the molecules composing diem have an ellipsoidal geometry. 

Along the major axis, eiectronic properties such as polarizability are different, causing 

the LC tu be anisotropic. The arrangement of the molecules with respect to each other is 

responsible for the peculiar optical properties of the LC. Many physical phases exist in 

a LC, each corresponding to a different molecular arrangement: 

The solid phase: al1 molecules are oriented along a common axis and their posi- 

tions are fixed and follow a regular ordering; 

The smectic phase: al1 molecules are oriented along a common a i s ,  and are ar- 

ranged in planes; however, their positions within each plane are random; 

The cholesteric phase: similar to the smectic phase, but the orientation of the 

molecules changes slightly frorn plane to plane, following a helical pattern; 
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Fig. 2.1 - Liquid Crystal Phases 

The nematic phase: al1 molecules are oriented along a common mis, but their 

positions are completely random; 

The isotropic phase (true liquid): the molecules' positions and orientations are 

both random. 

It is possible that a given LC may not exist in al1 of these phases. The arrangement the 

LC molecules adopt is usually determined by temperature. The temperature at which the 

transition fiom one phase to another takes place can be known very accurately. It was 

reported that the transition occurs over a very short range of temperature, as srnal 

1 mK [8]. 

In ail except the isotropic phase, the anisotropy of the LC induces birefnngence. In the 

cholestenc phase, the LC also exhibits optical a c t i v i ~  (rotation of the plane of polariza- 

tion as light travels in the medium). It is important to note that the long-distance order- 

ing of the LC molecules is limited to small domains, and that within each domain al1 

molecules are aligned aiong the same direction. The light is scattered at the interface 

between the domains, confemng a translucent milk-like appearance to the LC. When 

the temperature is increased so that the LC enters its isotropic phase, these domains 

cease to exist and the liquid becurnes clear: for this reason, the transition temperature 

between the nematic and the isotropic phases is called the clearing point of the LC. 



2.2. Technique 

LC's have been used for more than thirty years to perform themal investigations in 

semiconductor devices, mainly in microelectronic integrated circuits (IC) [3,8-131. The 

main role of the LC technique is usually to locate failures in IC, such as shorts, which 

generate a large amount of heat; there are also reports of its use for temperature mapping 

of IC and Micro-Elemo-Mechanical Systems (MEMS) [9]. To the author's best knowl- 

edge, no one has reported any work involving the use of the LC technique for thermal 

investigations on optoelectronic devices. 

The technique developed for the purpose of this work uses the transition fiom the 

nematic to the isotropic phase of the LC to measure the temperature on the surface of an 

optoelectronic chip. A thin layer of LC is first deposited on the surface of the device, 

which is subsequently comected to a voltage source, with light injected into the 

waveguide. The transition in the LC can be observed with a microscope containing two 

crossed polarizing filters (that is, with their transmission axis forming a 90° angle). In 

the microscope, the background appears dark, whereas the areas of the device covered 

with LC is bright, since the LC, birefringent in its nematic phase, changes the polariza- 

tion of light. As the device heats up during normal operation, it is possible that the 

temperature on some areas of the device surface exceeds the clearing point, so that the 

LC locally reveris to its isotropic phase. A dark spot can then be seen in the microscope, 

since the polarkation of the light reflected on the device surface is not affected by the 

isotropic LC. If the operating conditions are adjusted so that the dark spot is reduced in 

dimension to the point where it almost vanishes, the peak temperature on  the surface of 

the chip is known to b e  exactly the clearïng point of the LC. 

Obtaining a thin film of LC of uniform thickness on a chip is not a trivial task. Some 

authors report the use of wetiing agents, such as lecithin in pentane [ I l ]  or Freon-TF 

1131, others put a thin plane glaze on  top of the LC-covered chip [9]. Another possibility 

is simply to heat the LC past its clearing point, as it is less viscous in its tme liquid form, 



Fig 2.2 - Setup Used for Liquid-Crystal Measurements 

and it spreads more easily on the sample [3]. The latter procedure has been retained. A 

discussion of the efficiency of this method follows in a subsequent section. 

The technique can be used in a variety of ways. Even if only one LC mixture is avail- 

able, there is a multitude of ensembles of conditions (voltage, optical power, photocur- 

renc stage temperature) for which the peak temperature on the device corresponds to the 

LC cleming point. In optoelectronic devices, however, the electro-optic properties are 

strongly afTected by temperature, and it is desirable to maintain the stage ternperature 

constant. For the purpose of this work the stage temperature was maintained at 25 or  

30°C, while large ranges of voltage and optical power (which, together, determine a 

unique photocurrent) were investigated. To extend the temperature range that can be 



researched, three LC mixtures were used, with clearing points of approximately 42"C, 

58°C and 73OC; the information concerning the LC is located in appendix A. 

2.3. Description of Setup 

Figure 2.2 depicts the setup used for the LC measurements. At the center of this setup is 

a twin-eyepiece microscope with long-distance objectives (total magnification: lOOx or 

200x). This microscope contains a larnp, next to which was placed a polarking filter; a 

second filter is located in the right eyepiece. Under the objective, the sample sits on a 

small aluminum plate, which is glued to a thermo-electric cooler (TEC) that uses the 

Peltier effect to heat or cool the sample. A themistor attached to the top of the TEC 

provides feedback to the TEC driver. A set of spring-loaded probes can be lowered on 

the sample camer to establish electncal contact. The electrical equipment includes a 

digital multimeter (used as an ammeter), a dual variable power supply and a laser diode 

controller (combining the TEC driver and a precision current source). The optical 

equipment comprises a laser diode emitting at 1556 nrn, an EDF4 a paddle-type fiber 

polarizer and an optical power meter, al1 connected with standard single-mode fiber. 

Light is injected into the waveguide through a tapered fiber (with a conical tip), since it 

is impossible to use lenses due to the fact that the devices are located in the center of 

relatively large carriers. The fine alignrnent of the tapered fibers is achieved with elec- 

tro-striction actuators. The entire setup is located on a pneumatic optical table. Finally, 

a cornputer controls the whole station through a GPIB bus, with the aid of the software 

HPVee. A more detailed description of the equipment can be found in appendix B. 

2.4. Methodologi! 

The block diagram in figure 2.3 shows the entire procedure followed during the LC 

temperature measurements. 
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Fig. 2.3 - Block Diagram Describing the 
Liquid-Crystal Measurement Procedure 



Prior to the deposition of the LC on the device surface, the samples are cleaned succes- 

sively with room-temperature acetone and iso-propanol. To put LC on the samples, a 

droplet of LC is first "attached" to a hook-shaped probe tip from a syringe; the probe is 

then lowered on the sample d l  the drop spreads on its surface. The high surface ten- 

sion of the LC is usually great enough to hold it to the top surface of the sample. It is 

often necessary to remove the excess LC with a piece of cleaning paper C'Kim Wipes") 

rolled into a fine tip, so that only a thin layer of LC remains on the chip. With this pro- 

cedure, a thin film of LC can be obtained, with a thickness not exceeding 5 pm., as was 

verified with a high-resolution microscope. 

The LC-covered sample is then placed under the microscope, and the electncal probes 

are put in contact with the carrier pads. To measure the cfearhg point of the LC, the 

TEC temperature is raised up to the point where the whole chip tums black because of 

the transition of the LC from the nematic to isotropic phase. The clearing point, taken to 

be the temperature when the first changes are seen in the LC, is recorded. This proce- 

dure helps spreading the LC to get a uniform film, since the viscosity is much reduced in 

the isotropic phase. The stage is then cooled d o m  back to the temperature selected for 

the measurements. 

When an extemal light source is needed, the next step is to adjust the polarization to 

have the light coupled into the TE mode of the waveguide. The fiber is placed in front 

of a large-area photodetector covered by a polarizing filter, with its transmission mis 

vertical, and the polarizing paddles are moved to a position giving maximum extinction. 

Horizontal polarization, mrresponding to the TE mode of the waveguide, is then 

achieved. The tapered fiber is then brought near the device facet and aligned with the 

micropositioners. The b a t  alignment is found by maximizing the photocurrenf at a 

given voltage, in the waveguide device. 

A practicd way of conducting these experiments is to have the cornputer take charge of 

the electrical equipment and data collection, leaving to the operator the single task of 



looking at the sample in the microscope and observing the transition in the LC. The 

HPVee prograrn written for this purpose sets the voltage applied to the waveguide elec- 

trode at values fkom 9 to 5 V, with a 0.5 V intervd. The operator increases the laser 

nirrent (in hybrid devices) or the EDFA current (for discrete devices) until a dark spot 

appears on the ridge. The hot spot is always located near the front edge of the electrode 

covering the waveguide, where the light enters and where the optical power is the great- 

est. The operator then "activates" the cornputer program, which measures the photocur- 

rent, the laser or EDFA current, and the exact temperature of the cooler; it then sets the 

voltage to its next value. Al1 data is written to a file, along with general information on 

the device under test (wafer designation, device identification, etc.). The fact that the 

measurements are taken over a period of time of several seconds ensures that the steady- 

state temperature is rneasured; no transient can be observed with this technique. 

The sarnples are removed from the stage and cieaned again and the entire procedure is 

repeated for every LC mixture available for the rneasurements. To check the adequacy 

of the cleaning procedure mentioned above, cleaned samples were observed through the 

microscope, to codiirm the absence of any trace of LC. One change to the procedure is 

that for the highest clearing point LC, it is impossible to measure the clearing point in 

the rnanner explained above, because the TEC c m  not reach temperatures over 70°C. 

The clearing point of that LC was rneasured on a hot plate at the beginning of each day 

of experimentation, and the temperature at which the clearing point was found was 

recorded and used for al1 subsequent measurements. 

2.5. Results 

Figure 2.4 is a set of photos showing the dark spot as seen in the microscope. Photo A 

shows the large-pad device covered with LC with no extemal bias on the pad; for photos 

B to D, a voltage of 7.0 V was applied, and the optical power was increased progres- 

sively. The dark spot clearly extends as the power increases, rneaning that the region 

where the ternperature exceeds the LC clearing point grows bigger. 



Figure 2.4 - Temperature Measurements using Liquid Crystals 
These photographs show a large pad covered wiîh liquid crystal; in (A), no bias is app lied, 
while in (B)' (C) and (D), the device was biased at 7.0 V, with increasing optical powers. 

Light enters h m  the top. The dark spot is seen at the top edge of the pad 

Two sets of results are shown here: the first set was obtained on the large pads of hybrid 

and discrete devices, al1 orîginating from the same wafer, designated R2-1444. The 

quantum wells on that wafer are designed for operation at a wavelength of 1544 m, 

requiring the use of a tunable laser with the discrete devices, because the available laser 

only emits at 1556 m. Othenvise, the lasers present in hybrid devices were selected to 
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Fig. 2.5 - Liquid-Crystal Measurernents on Large-Area Pads, at 8 V 

emit at this wavelength. A second series of experiments was realized on narrow- 

electrode devices, coming from nine different wafers. The primary goal of these ex- 

periments is to compare how the temperature corresponding to given conditions of op- 

eration varies fiom wafer to wafer. 

The numerical results of al1 the temperature measurernents presented in this chapter are 

given in appendix C. 

2 - 5 1 .  Large-Pa& Devices 

The results of the liquid-crystal measurements are presented in graphs that show the 

peak temperature on the surface of the device as a function of photocurrent, with sepa- 

rate curves corresponding to different voltages. Measurements were c-ed out on large 

pads on 5 discrete and 3 hybrid devices; the missing points are the results of measure- 
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Fig. 2.6 - Averaged Liquid-Cqstal Measurements on Large-Area Pads 
This graph shows the average of results obtained from several devices originating from the same wafer. 

ments that were later found to be incorrect. Figure 2.5 shows the data obtained on al1 

devices at 8 V. 

Since the results obtained on all devices of the same iype (hybrid or discrete) are similar, 

it is convenient to present only the average of the measurements. Figure 2.6 shows the 

average temperature rise as a function of photocunent at al1 voltages. 

2.5.2. Nmw-Electrode Covered Wmeguide 

The temperature rise was also measured on narrow-electrode discrete devices on two 

samples coming from each wafer of a set of nine. The laser wavelength was always 

1556 nm, except for R2-15 10 (1 547 nrn) and R2- 1444 (1538 nrn), which had a dserent  

quantum well composition. Figure 2.7 shows all the results obtained at 8 V from only 



Fig. 2.7 - Liquid-Crystd Measurements on Narrow-Electrode Devices, at 8 V 

four wafers, to prevent frorn overcrowding the graph. It can be seen that the behavior of 

the two devices coming £tom the same wafer is most often similar; the ternperature rise 

can then be averaged on the devices coming from the same wafer. The results are pre- 

sented in figures 2.8 (at 9 V) and 2.9 (at 7 V), which provide a good overview of the 

entire data. Note that at low voltages (down from 7 V), there are rnissing data points 

because the maximum optical power delivered by the combined laser and EDFA is not 

sufficient for the temperature on the device to reach the clearing point of the last LC. 

2.6. Problems with the LC Technique 

The LC technique is simple, inexpensive and possesses good spatial and ternperature 

resolution. One important problem has been encountered however: it is diEcult to 

obtain a thin and uniform LC layer on a sample. This problem is accentuated by the 
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Fig. 2.8 - Averaged Liquid-Crystal Measurements on Narrow-Electrode Devices, at 9 V 
The results of the meanuements peiformed on devices coming h m  the same wafer were 

regroupecl and averaged to gïve one single curve per wafer on this graph. 

presence on the device of a cornplex topography, including a ridge, trenches and gold 

wires. The LC must be kept thin, othenvise the measurements will be inaccurate be- 

cause the temperature could then d i f fa  significantly from the bottom to the top of the 

LC layer. Note that the LC is a mixture of organic liquids that are not good heat con- 

ductors. When a thin layer of LC is deposited on the sample surface, the LC usually 

moves up the goid wires, and sometimes retracts from the top of the ridge. Heating the 

stage past the clearing point of the LC, as mentioned in reference 3, is of no help when 

this happens. Wetting agents have not been retained as a solution, because of the re- 

quirement for uncornmon and potentially toxic chemicals, which can also alter the char- 

acteristics of the LC, even when used in small amount [8]. This situation does not hap- 

pen with microelectronic IC, which usually have a more planar surface. 
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Fig, 2.9 - Averaged Liquid-Crystal Measurements on Narrow-Electrode Devices, at 7 V 
The results of the measurements performed on devices coming h m  the same wafer were regrouped 

and averaged to give one single w e  per wafer on this grapk 

It is nonetheless possible to obtain good results with the technique despite the problems 

mentioned in this section, but it requires applying the exact amount of liquid needed on 

the device, removing the excess with a piece of cleaning paper when necessary. In some 

cases, it is necessary to clean the sample and to repeat the whole operation again before 

a satisfactory LC coating is obtained. Unfortunately, this requires an extensive "train- 

ing" of a new operator before accurate and reproducible results cm be obtained with the 

LC technique. Further investigations have not provided a way to definitely solve this 

prob lem. 



2.7. Discussion 

The precision of the measured temperature is estimated to be 1°C. The thermo-electric 

cooler can maintain a temperature within 0. 1°C of the set value, however, it is impossi- 

ble to measure the clearing point of the LC with such a precision. Simultaneously, the 

error made when measuring the photocurrent is estimated to be 0.1 mA, due to the difi- 

culty associated with observing the LC transition on the sample. In particularly bad 

cases, when the contrast is unusually poor and because of the problems mentioned in the 

previous section, the uncertainty on the measurement could increase, possibly up to as 

much as 0.5 mA. 

The graph in figure 2.6 gives a good overview of the how temperature rises in the 

waveguide device. As the voltage and photocurrent increase, the temperature increases 

in a super-linear fashion. Voltage has the greatest effect on the temperature, since it 

determines absorption (see chapter 4) and also has a direct influence on the total heat 

generated in die MQW layer (the latter is given by the l x  V product). The upward 

curvature of the temperature curves is explained by the fact that as temperature rises, 

absorption in the waveguide increases so that the heating is also more localized, which 

results in an additional rise in temperature. This graph also shows another crucial result: 

the temperature increases fater  with photocurrent on hybrid devices than on discrete 

devices. This happens because the heat generated in the laser is conducted dong the 

ridge to the waveguide device, thereby raising the interna1 temperature. This increases 

the absorption occumng in the waveguide and raises the temperature even further. This 

constitutes a clear demonstration of a thermal cross-talk between two optoelectronic 

devices, where the heat produced by one device affects the operation of another neigh- 

boring device. This is of major importance for the optoelectronic industry, which is 

looking fonvard to integrate multiple devices on a comrnon substrate; in this conte- 

thermal cross-talk issues are expected to &se more frequently. 

On figure 2.7, it can be seen that the temperature measured on the two devices coming 

from the same wafer is sirnilar, and that places much confidence in the validity and the 



reproducibility of the measurements. In some cases, such as for the hiro samples from 

wafer R2-1108, the 73°C points differ, probably because of an erroneous rneasurement 

(one possible cause being a poor uniformity of the LC film on the device). Again, by 

averaging the data over a11 devices originating from the same wafer, it is possible to get 

a clearer picture of the situation, and to look for differences between wafers. Some 

wafers exhibit an unusually high temperature increase, such as R2- 13 02 and R2- 1444, or 

unusually low, for R2-1126. 1t is interesting to study the origin of these differences. In 

chapter 4, the optical absorption will be measured on each of these wafers, and t h i s  data 

will be correlated with the temperature increase and other electro-optic properties in 

chapter 6 .  

Conclusion 

Precise and reproducible measurements of the peak temperature found on the surface of 

waveguide devices have been performed with the LC technique, despite the problems 

with obtaining a thin uniform LC layer on the samples. Although the technique could 

probably be M e r  improved, it is now "mature7' enough to be used as a regular charac- 

terization tool for optoelectronic devices. Its simplicity and versatility ensure that it can 

be readily applied to other devices, such as optical switches, laser diodes, detectors, etc. 

One important piece of information that c m  not be acquired from this technique is the 

intemal temperahire in the active region of the device. This information is important 

since it determines the absorption in the waveguide, and could eventually lead to accel- 

erated degradation of the device if it is high enough. Thus, the active region temperature 

probably constitutes the most important information from a reliability point of view. An 

efficient way of knowing the interna1 temperature in waveguide devices that does not 

require complex sarnple preparation is to construct a thermal model. Chapter 5 will 

describe that work. At that time, the modelling results will be compared to the LC 

measurements. 



Chnpier 3 
Instantaneous Blow-up Experiments 

The instantaneous blow-up test is a standard procedure in the reliability assessrnent 

process on several optoelectronic devices. During this test, light is injected into the 

waveguide and the voltage is increased up to the point where the device suffers a cata- 

strophic failure, while the optical power is usually adjusted to maintain a constant pho- 

tocurrent. The failure is believed to be the result of overheating in the waveguide, which 

eventually leads to critical damage to the device. The blow-up voltage is an indication 

of the robustness of the device to catastrophic failure, and c m  be used to screen out 

weak lots of devices. Instantaneous blow-up tests identiS, the voltage-current combina- 

tions leading to device failure; this information helps to understand the respective influ- 

ence of voltage and photocurrent on the temperature increase in the device. Finally, the 

instantaneous blow-up tests can also provide information related to the thermal cross- 

talk in hybrid devices, which was already described in chapter 2. 

3.1. Sarnples and Setui, 

Blow-up experiments have been carried out on samples that differ h m  the ones de- 

scribed in chapter 1 in two aspects. First, they have not been cleaved out individually 

yek but are still in a "bar" fonn. A bar is a row of devices on a wafer, where al1 the 

waveguides lie side by side, with an anti-reflection coatinj deposited on the facets. 

Secondly, they are composed of a laser diode and a waveguide device integrated mono- 

lithically on a common substrate, whereas the laser and the waveguide device are simply 

glued together in the hybrid device described in chapter 1. The bar is not attached to any 

carrier; this could result in slightly different thermal properties of the device. The main 
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Fig. 3.1 - Setup Used for Inutiintaneous Blow-up Expenments 

advantage of performing tests on bars instead of on individual devices is that one has 

access to a large number of devices with a minimum of manipulation: the elecûical 

probes simply have to be moved fiom one device to another. 

Because the samples are in a bar form, the test station designed for LC measurements 

can not serve for this experiment. The station used is depicted in figure 3.2. The bar is 

placed on a copper stage, whose temperature is maintained at al1 times at 2S°C, and is 

held in place by vacuum. By observing k o u g h  a low-magnification microscope, a set 

of probes c m  be lowered on the contact pads of the waveguide device and the laser 

diode. When an extemal light source is required, the light of a laser diode ernitting at 

1556 nm, amplified by an EDFA, is coupled into the waveguide through an infrared 

lens. A polarizing filter has been attached to the lens, to ensure TE polarization. The 

electrical equipment consists of a variable power supply, an ammeter and a cornputer 

that controls the station through a GPIB bus. 



3 -2. Test Methodology 

Figure 3.2 is a block diagram showing the procedure followed during the course of the 

b low-up experirnents. 

Since one goal of  these experiments was to investigate the effea of the laser heating on 

the blow-up conditions, two sets of experiments were realized, using the integrated laser 

and an extemai laser as the light source. The first step is to lower the probes on the 

contact pads of the waveguide device and the laser. The laser is then biased for the 

remainder of the test at a constant current (1 75 mA), selected to obtain maximum optical 

power. The computer sets the initial voltage on the waveguide device electrode at 5 V, 

subsequently increments the voltage by 0.1 V every second and monitors the photocur- 

rent. A blow-up of the waveguide rnanifests itself as a sudden reduction of the photo- 

current: the blow-up voltage and the last measured photocurrent (before the blow-up) are 

then recorded in a file. The probes are then rnoved on to the next device, and the entire 

procedure is repeated. Because the efficiency (and output optical power) of the inte- 

grated laser varies significantly from device to device, a broad range of photocurrent is 

measured at blow-up. The procedure when using the extemal laser is basically the same, 

except that the lens needs to be realigned manually each time a new device is tested. 

Two values of the EDFA current have been used (220 and 290 mA), which, when com- 

bined to the changing coupling eficiency from device to device, also produced a broad 

range of photocurrent and voltage combinations resulting in blow-up. 

3.3. Results 

These tests were carried out on three bars, originating from different wafers. Because of 

the differences in wafer characteristics, it is not advisable to compare results obtained on 

different wafers if one desires to observe daerences between blow-up conditions when 

the integrated or the exteinal laser is used. For this I-eason, the rsults are presenkcl 
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Fig. 3-2 - Block Diagrm Erpldning the Instantmeous Blow-up Experiments 

separately for each bar, in fi,ves 3.3, 3.4 and 3.5. Note that the solid and dashed lines 

on the graphs are only a guide to the eye and do not represent a statistical fit to the data. 
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Fig. 3.3 - Instantaneous Blow-up Experiments on Wafer RI-3135 

3 -4. Discussion 

The instantaneous blow-up data clearly demonstrates that the presence of the integrated 

laser heating lowers significantly the photocurrent and voltage that a device can stand 

before suffering a catastrophic failure. The reason is thaf for the same given voltage 

and current, the interna1 temperature is expected to be higher when the integrated laser is 

used, because of the heat generated in the laser. This effect is obvious on wafers 

RI-3 135 and RI-3 144, but not as clear on RI-3 143. This experirnent thus constitutes 

another proof of the existence of a thermal cross-talk between the laser and the 

waveguide device. 

The curves drawn on the graphs delimit the domain of photocurrent and voltage combi- 

nations where the devices suffer instantaneous failure. The set of conditions that Iead to 
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Fig. 3-4 - Invtantaneous BIow-up Experimentv on Wafer RI-3143 

blow-up appears to follow roughly a constant I x V curve. This result is expected, since 

the I x V product gives the electricai power dissipated in the active re$on in the form of 

heat, and the blow-up is believed to be a direct consequence of overheating in the 

waveguide device. In fact, a power regression of the type V h  = A IGr (with A a con- 

stant) performed on this data gives an exponent ranging from 0.8 to 1.2 depending on the 

wafer. This type of regression, however, does not describe well the data, because the 

"curvature" of the I-V curve does not correspond to an I x V r  = Cst cuve,  as can be seen 

on f iv re  3.5 (where r = 1.2). The deviation could be explained partially by the fact that 

absorption increases with voltage: at higher voltages, the heat is confined to a smaller 

region and the electrical power required for the device to blow up is reduced. 

Finally, differences in the conditions leading to blow-up on different wafers can be 

observed by comparing the different graphs. For example, at a photocurrent of 10.0 mA, 
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devices coming from R1-3 135 and R1-3 143 c m  stand about the sarne voltage before 

blowing up, while device failure occurs on R1-3 144 at a slightly lower voltage. This 

could be explained by differences in optical absorption in the waveguide between wa- 

fers. 

Conclusion 

Instantaneous blow-up experirnents are commonly performed to evaluate the robustness 

and the resistance to failure of a batch of devices. This data is betieved to be linked to 

the reliability of the device, and these experiments also help to screen out weak lots of 

devices. The most interesting conclusion of the work presented in this chapter is that the 

presence of a neighboring laser causes a significant reduction in the photocurrent and 

voltage that a device can handle before catastrophic failure occurs. This c o n f i s  that a 



thermal cross-talk exists between the laser and the waveguide device, and raises the 

question of the impact this could have on the reliability of the device. No clear answer 

can be given at this moment, but this issue needs to be addressed eventually if mono- 

lithic intepration of optoelectronic devices is to becorne more cornmon in the fùture. 



Chclpter 4 
Absorption Measurements 

Thermal modelling of the waveguide device requires a precise knowledge of the optical 

absorption occurring inside the MQW and how it changes with voltage and temperature. 

Measuring the absorption loss in the waveguide as  a function of voltage and temperature 

is a straightfonvard task; however, for reasons that will be explained shortly, it is impos- 

sible to cover a large temperature range in this manner. A second set of experiments, 

using an alternate type of device, is necessary. The final goal of this work is to obtain 

the absorption coefficient in the waveguide as a function of voltage and temperature 

over ranges of O to 10 V and 20 to 32O0C. 

The frs t  section of this chapter defines the absorption coefficient and explains the 

causes of its dependence on voltage, temperature and wavelength. The experirnents 

perfonned on waveguide devices and on large-area devices, which resemble p-i-n pho- 

todiodes, are described in the following sections, and a graph showing the absorption 

coefficient over the full ranges of temperature and voltage is presented. The dependence 

of absorption with respect to wavelength was also studied, even though it has no direct 

impact on the remainder of this work. The results are shown in a summarized form and 

discussed. 

4.1. Definition of the Absorption Coefficient 

As light travels along the waveguide, a fraction is absorbed in the MQW and in the other 

materials composing the waveguide, and another part is scattered out of the waveguide. 



The sum of these losses is the propagation loss. The remaining optical power in the 

waveguide at position x is given by: 

L(X) = L, exp (- l , l a (x l )  m.) 

where Lo is the optical power at the entrance of the waveguide and a is the absorption 

coeffkient, which can Vary along the length of the waveguide. This "effective" absorp- 

tion coefficient is specific to the geometry of the waveguide and to the unique propa- 

gating mode sustained by the waveguide, and is not the absorption coefficient of the 

bulk material. As the applied voltage or the temperature chaage, the scattenng loss and 

the absorption in the materials surrounding the MQW should not Vary significantly, and 

are assumed to remain constant. However, in the MQW, the absorption is strongly 

dependent on both temperature and voltage. The electric field in the MQW (determined 

by the applied voltage) influences absorption because of the quantum-confined Stark 

effect, as explained in chapter 1; temperature also has a strong influence on the absorp- 

tion coefficient, because the band gap decreases as temperature increases. This has little 

effect on the absorption taking place in InP or InGaAs, because the band edge lies far 

away from the photon energy at a wavelength of 1556 nm. However, the quantum well 

composition is adjusted so that the band gap lies close to the photon energy: in this case, 

a small change in the band gap, induced by a temperature variation may result in a large 

change of absorption in the MQW. 

When the propagation loss is measured in the waveguide, the measured loss is the sum 

of the loss due to absorption in the MQW and in the other materials, the scatterhg loss 

and the coupling losses at both ends of the waveguide where the light is coupled to 

tapered fibers. For reasons that will be explained in the next section, it is impossible to 

distinguish between the scattering loss, coupling losses and absorption in materials other 

than the MQW: the only loss that can be measured accurately is the absorption in the 

MQW that gives nse to a photocurrent. Thus, the absorption coefficient measured in 

these experiments refers only to the absorption loss in the MQW. However, the com- 



bined scattering losses and absorption in the other materials is not expected to be very 

large: previous work done at Norte1 indicates that the combined losses in the waveguide 

are about 2 to 3 dB/mrn in an unbiased device. This value is low enough so that this 

simplification should not have any significant impact on the remainder of this work- 

4.2. Direct Measurements of Absorption in the Waveguide 

When the absorption loss is measured diredy in the waveguide, the device is reverse- 

biased, so that an electric field appears across the MQW, in a direction perpendicular to 

the propagation of light Light is injected into the waveguide and the intensity of the 

lijht exiting the device and the photocurrent generated in the process are measured and 

recorded. When the rneasurernent is repeated at different voltages and temperatures, the 

absorption coefficient can be obtained for any combination of these variables. This 

section describes the experiments and shows the results of the measurements performed 

on waveguide devices. 

42.2.  Description of Setup 

The test station used to measure absorption in the waveguide is the one on which the 

liquid-crystal measurements are carried out, with the addition of a cornputer-controlled 

optical power meter. The samples are the narrow-electrode devices described in chap- 

ter 1. Light is injected into the device and collected out of it by two tapered fibers. The 

optical power is usually delivered by a laser diode emimng at a wavelength of 1556 nm; 

when a different wavelength is required, a tunable laser source is used. 

4 2.2. Test Methodology 

Figure 4.1 shows a block diagram describing the test procedure. The first step is to 

adjust the polarization to couple light in the TE mode of the waveguide; the procedure 



was aiready explained in chapter 2. For the whole duration of the measurements, the 

extemal laser current is set at 75 mA, at which point the photocurrent does not exceed 

0.5 mA; accordhg to the thermal mode1 to be presented in chapter 5, the intemal tem- 

perature increase at 8 V resulting fiom this current should be less than 3 OC. The current 

is delivered by a precision current source, ensuring current stability within 0.01 mA. 

Once the sample is in place under the microscope and the probes are contacting the 

carrier pads, the temperature of the stage holding the device is first set at 10°C, and a 

voltage of 10 V is applied on the waveguide electrode. The precision of the thermo- 

electnc cooler is about 0- 1°C, and it takes from a few seconds to a minute to achieve a 

stable temperature. The input fiber is then aligned rnanually using the micropositioners: 

optimal alignment is achieved when the photocurrent in the device is maximized. The 

voltage is then reduced to O V and the output fiber is aligned by maximiàng the optical 

power measured in the fiber. The voltage is then scanned across a range of O to 10 V 

and the photocurrent and optical power at each voltage are measured and recorded by 

the cornputer. The stage temperature is subsequently increased to 15°C and the whole 

operation is repeated, including the realignment of both fibers (necessary because of the 

thermal expansion of the stage and the sample). The highest temperature at which 

measurements are carried out is 60°C (70°C in some instances); past that point, the 

presence of convection air currents over the stage cause the fibers to move, inducing a 

large noise in the measurements. 

In many but not al1 devices, the leakage current was also measured; this is the current 

flowing through the device in the absence of light in the wavegide. For these meas- 

urements, the same procedure is executed, without injecting light into the waveguide. 

Obtaining the absorption coefficient fiom the tests descnbed above requires some elabo- 

rate calculations. First, the leakage current must be subtracted from the total measured 

current, to find the photocurrent: 
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Fig. 4.1 - Block Diagram Describing the Absorption Measurements 



However, in most cases where the leakage current was measured, it was found to be only 

a small fraction of the total m e n t .  The leakage current is usually in the microampere 

range, or around 1 % of the total current In this case, it c m  be neglected, md the meas- 

ured current is assumed to be equal to the photocurrent. In the few devices wbere the 

leakage current was found to be greater (100 pA in the worst case), it was measured 

over the full temperature and voltase ranges and subtracted from the total current. 

The next step is to evaluate how well the light coming out of the waveguide is coupled 

in the output fiber. This is given by the output coupling eficiency (OCE), defined as the 

ratio of the optical power collected by the output fiber, LouLj> to the power inside the 

waveguide at the output facet, L,,,, so that 

Equation 4.2 assumes an interna1 quantum efficiency of 100%: this means that every 

absorbed photon generates an electron-hole pair that contributes to the photocurrent. 

This is justified by the intense electric field present in the MQW, which rapidly sweeps 

away charge carriers, leaving no tirne for recombination processes to occur. Note that 

the factor hc / e x  is the ratio of the charge of an electron to the energy of a photon, and 

establishes the correspondence between photocurrent and opticai power absorbed. At 

1556 nm, this factor equals almost exactly 1.25 A/W, meaning that the absorption of 1 

mW of light generates a photocurrent of 1.25 mA in the device. Because the optical 

power coupled in the waveguide, LU,,, is unknown at this moment, the OCE is calcu- 

lated from the variations in output power and photocurrent with respect to voltage: 



= oc. (fi) (12 - 1;) 
e h  

where VI and Vz c m  be any pair of voltage values. It is preferable to take these two 

voltages far aparf since this minimizes the effect of uncertainty and noise in the meas- 

urements. VI and Vz were chosen to be 1 and 6 V, respectively. Following this, the total 

power coupled in the waveguide, L,,, cm be calculated as the sum of the light ab- 

sorbed in the waveguide, obtained from the photocurrenc and the light exiting the 

waveguide: 

=- 
O C .  e h  

The optical power in the waveguide is assumed to be different every time temperature 

changes, since the alignment is readjusted. For each temperature used in the test, the 

value of L,, used for further calculations is the average of the values of L,, calcu- 

lated for every voltage. This value is close to 0.4 mW, since the laser current was cho- 

sen in order to have a maximum photocurrent of around 0.5 mA. Note t h a ~  in equation 

4.5, LitL, does not include the light that has been scattered out of the waveguide or the 

light absorbed in materials other than in the MQW, because such losses do not generate 

a photocurrent. Even if the optical power in the input fiber was known, there is no way 

to distinguish between the input coupling loss, the scattering loss and the absorption loss 

in other materials. This justifies the previous daim that the only loss that cm be accu- 

rateIy measured in these experiments is the absorption loss in the MQW. 



The last step is to compute the loss in the waveguide due to absorption in the MQW, for 

al1 combinations of voltage and temperature. The absorption coefficient, a, can be 

obtained in the same manner. 

where 2 is the lengdi of the electrode covering the device, which is 600 pm. Note that 

the absorption loss and the absorption coefficient are proportional to each other, the 

scaling factor being (In 10) 1 (10 1) m%B. 

Absorption rneasurements were performed on two devices coming from each of a set of 

9 wafers (only one device was available for R2- 15 10). Figures 4.2 and 4.3 show typical 

examples of the results obtained on a single device: the absorption loss is plotted as a 

function of voltage in the former, and of temperature in the latter. In al1 cases, the two 

devices coming from the same wafer have similar absorption curves, and the absorption 

loss was averaged on the two devices to study the differences between wafers. Figure 

4.4 presents the absorption measured on al1 wafers at 5 V. 

4- 2.5. Discussion 

In fi,we 4-2 and 4.3, the measured absorption loss increases rapidly with voltage and 

temperature until it reaches about 40 dB. Past that poinq the curves seem to enter a 

"saturation" regime. This is an artifact of the rneasurement method, since the experi- 

ments described in the next section demonstrate that the absorption loss should continue 

to increase rapidly beyond 40 B. The reason why it  is impossible to mesure losses 
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Fig. 4 2  -Absorption vu. voltage and tcrnperature in a 600 pm Waveguide on Wafer EU-1-UJ 

exceeding 40 dB in this experiment is that the optical power at the exit of the waveguide 

is too small to make accurate rneasurements. The only way to raise this limit is by in- 

jecting more light in the waveguide; this is however not desirable because it could lead 

to excess heatinp in the device, causing the interna1 temperature to difler significantly 

frorn the stage temperature. 

These results show that absorption rapidly changes with both voltage and temperature. 

For example, at 6 V, absorption more than doubles (4 dB increase) when temperature 

goes from 20 to 25T, a change not unlikely to happen in normal lab conditions. This 

dernonstrates the necessity of fine temperature control when testing optoelectronic de- 

vices- 

The difference in absorption between wafers c m  be best observed at a rnoderate voltage 

(4 - 6 V), before the 40 dB limit is reached. It is believed that the absorption character- 



Fig. 4.3 - Absorption vu. voltage and temperature in a 600 p m  Waveguide on Wier R2-1444 

istics are common to al1 devices coming corn the same wafer, since absorption should 

be determined by the exact composition and thickness of the serniconductor layers 

grown on the wafer. This is verified by the experiments, as in al1 cases the two devices 

coming from the same wafer have similar absorption curves. The absorption curves 

measured on different wafers are fiirther discussed in the next section. 

4.3. Large-Area Detector-Like Device 

When the absorption loss is 40 dB or above, virtualiy al1 light (99.99%) is absorbed over 

the lenath of the device. However, as the absorption coeffkient continues to increase, 

the light is also absorbed over a shorter and shorter length of the device, causing the 

local temperature to continue to rise with increasing voltage. So it is still important to 
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Fig. 4.4 - Comp;uiwn of the Ab~urptioa Curves on Al1 Wafers, at 5 V 

know what the absorption coefficient is in the waveguide at high voltages and tempera- 

tures, where the absorption loss exceeds 40 dB. 

A second set of measurements was performed on an altemate device to obtain the ab- 

sorption coefficient at high temperatures and voltages. It is a test device found on the 

same wafers, resembling a pi-n photodiode (see figure 4.5). The device consists of a 

rectangular electrode deposited on top of the semiconductor layers, the same layers 

found in the ndge of the waveguide device; a circular window (diameter: 150 p) is 

opened in the electrode. When light is injected through this window, a fraction is ab- 

sorbed as it crosses the MQW vertically, giving nse to a photocurrent when the p-rz 

junction is reverse-biased. This current can be measured by establishing an electrical 

contact with the top, pside electrode and the bottom, n-side electrode. The absorption 

in the device can then be deduced corn the photocurrent. Since the MQW thickness is 



only 0.35 p, the absorption is much snialler than in the 600 pm-long device, and 

rneasurements can be performed even in very hi@ voltage and temperatures conditions 

without nuining into the problems mentioned in the previous section. The use of the 

larse-area device also simplifies the measurernent procedure, because it removes the 

need to maintain a precise alignment of the tapered fiber. A hot plate was used to heat 

the devices up to 720°C. Once the photocurrent is measured at every possible combina- 

tion of voltage and temperature, the results of these measurements can be cornbined with 

the waveguide measurements to obtain the absorption coeff~cient over the full range of 

temperahire and voltage. 

4.3.1. Description of Setup 

The setup used for the absorption rneasurements on large-area devices is shown in figure 

4.5. The device is wire-bonded to an alumina (A1203) carrier and placed on a hot plate. 

A thermal paste was used to insure a good thermal contact between the carrier and the 

hot plate. A thermocouple monitors the temperahire. The liçht is delivered to the device 

by means of a standard fiber with a cleaved facet. The optical source was a laser diode 

emiding at 1556 nm. The station also consists of a variable voltaje source, a digital 

ammeter and a computer that controls the whole operation. 

4 3.2. Procedure 

Figure 4.6 shows a block diagam descnbing the procedure of the absorption measure- 

ments on the large-area devices. Because of the geometry of the device, the polarkation 

of incoming light is irrelevant. The sample is placed on the hot plate, and two probes are 

put in contact with the camer contact pads, which are connected to thep-side and n-side 

electrodes of the device. The hot plate is then heated up to 220°C, a temperature where 

the device do= zot seem to suffer any degradation, and the fiber is placed in front of the 

window in the top electrode. The computer then measures the photocurrent as a fùnction 

of voltage from O to 10 V, with a step of 0.5 V, every time the temperature drops by 5°C. 
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Fig- 4.5 - Sctup Uscd for Mc;a~urcments on Largc-Area Deviccs 

The procedure is repeated until the temperature cornes down to 25°C. Throughout the 

experiment, the fiber is continuously realigned manually to insure that it remains over 

the window. Because of the finite time needed to measure the photocurrent at each 

voltage and the fact that the temperature drops continuously, the temperatures associated 

with the measurements are only precise within 1 OC. 

Because of the large area of the device, the leakage current could represent a significant 

fraction of the total current measured. The leakage current was measured on most de- 

vices, by repeating the procedure described above, without illumination. The device was 

rejected if the leakage current was found to be more dian 10% of the total current. 

4 3.3. Data Processing 

Under certain assumptions, the photocurrent rneasured in the large-area device is pro- 

portional to the absorption coefficient, and the latter can be obtained by simply multi- 

plying the photocurrent by a scaling factor. These assumptions are that the leakage 

current is negligible and that the MQW thickness is much smaller than the absorption 
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Fig. 4.6 - Block Diagram Describing Mcaurcments on LaqpArea Devices 

length, a'. The former was already verified experimentally to be tme. The latter can be 

confirmed by observing that the opticai power in the fiber is set at approximately 3 rnW, 

while the maximum photocurrent measured is 0.2 mA; this corresponds to only about 

5% of absorption, rneaning that the absorption length is much greater than the MQW 

thickness. Under these conditions, 



y ( L ( a )  since a r « 1 
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t is the MQW thickness and the factor y represents the fraction of the light in the fiber 

that reaches the MQW, and differs from unity because of the reflection on top of the 

device and absorption in the p-doped InGaAs cap layer undemeath the gold electrode. 

Instead of evaluatinç directly this factor, the scaling factor between photocurrent and 

absorption coefficient is obtained by calculating the ratio of the photocurrent measured 

in large-area devices and the absorption coefficient obtained from the waveguide meas- 

urements. The ratio is averaged over the whole range where the two sets of data overlap 

(O - 6 V, 30 - 60°C), excluding the conditions where the absorption in the waveguide 

exceeds 40 dB. A typical value of the ratio is 5 x 10' m - ' / ~  The photocurrent is then 

multiplied by this factor and combined with the waveyide data to obtain the absorption 

coefficient, a (< T )  over the full ranges of O - 10 V and 10 - 220°C. 

In this discussion, we assume that the absorption measured in the waveguide device and 

in the iarge-area device are proportional to each other. This is true only if the absorption 

taking place in materials surrounding the MQW and d l 1  generating a photocurrent is 

neçligible. Since the geometry of the optical modes is compietely different in the two 

devices, this absorption should have different effects in the two cases, and the two val- 

ues of the absorption could be no longer proportional. The absorption occurring outside 

the MQW in the waveguide device is very srnall, as already mentioned. In the large-area 

device, some absorption takes place in the two InGaAs layers, but this should not gener- 

ate a significant photocurrent, since these layers are heavily doped and not depleted OF 



carriers. Thus, the assumption that the absorption in the two devices are proportional to 

each other is justified. 

Figure 4.7 shows typical resultç of the photocurrent measurements on one sample from 

wafer R2-1444, where the photocurrent is plotted as a function of temperature and volt- 

age. The small kinks in the crirves are due to measurements where the optical fiber was 

slightly misaligned. This data was combined with the waveguide measurements already 

presented in figure 4.3 to obtain the absorption coefficient over the full temperature 

range: the result is s h o w  in figure 4.8. It is also instructive to compare the measure- 

ments performed on different wafers; figure 4.9 shows the photocurrent rneasured on 

devices coming h m  diEerent wafers as a function of temperature, at a constant voltage 

of 7 V. Finally, figure 4.10 shows the absorption calculated on the same wafers, again at 

7 v. 

4 3.5. Discussion 

Interesting features appear in the absorption graphs. First, on figure 4.8, the absorption 

curves corresponding to different voltajes meet together around 1 60aC, meaning that at 

that temperature, absorption is virtually independent of voltage, in stark contrast with the 

situation prevailing at lower temperatures. Another important observation is that at 

10 V, absorption is almost a linear function of temperature; at low voltages (less than 3 

V), the absorption increases with temperature following an exponential behavior (this 

was verified by perfonning statistical regession on the data) up to approxirnately 180°C, 

after which the rate of variation of absorption with temperature decreases. Eventually, 

the absorption is expected to level off at even higher temperatures, when the band gap in 

the MQW is reduced far below the photon energy. Unfortunately, it is impossible to 

extend the measurements to higher temperatures, because of the darnage sustained by the 

devices, manifésting itself in the Eorm of sudden increases in the ieakage current. 
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Fig. 4.7 - Measurements on a Large-Area Device from Wafer EU-1444 

A cornparison of the photocurrents measured on large-area devices shows only modest 

differences between wafers. When the waveguide data and the large-area device data 

are merged together, the agreement between them is good over the voltage and tem- 

perature ranges where they overlap: no important discontinuity is seen at the point of 

junction. Surprisingly, a cornparison of the absorption curves measured on different 

wafers, in figure 4.10, reveals differences more important than when the photocurrents 

were cornpared in figure 4.9. The curves also do not follow the sarne ordering in the two 

graphs, meaning that a higher photocurrent does not correspond necessarily to a hiçher 

absorption. For example, wafer R2-1471 shows a srnall photocurrent, but yet a higher 

absorption Ioss than the others. This signifies that the differences observed between the 

absorption curves in figure 4.10 originate from differences in the waveguide measure- 

ments. The reason for the lack of correlation between photocurrent and waveguide 

absorption is not known exactly at this moment. One possible cause would be a differ- 
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Fig. 3.8 - Absorption in the Waveguide on Wafer R 2 - l m  
This graph combines the results obtained on waveguide devices and large-area devices; 

the absorption Ioss is given for a waveguide length of 600 pn 

ence in optical confinement between wafers: this would result in a different absorption 

loss suffered by the optical mode in the waveguide, but would not impact the photocur- 

rent measurernents, 

For further work, namely thermal modelling in chapter 5, only the absorption curves 

measured on wafer EU-1444 were retained, since they resemble the majority of the 

curves measured on other wafers and look redistic. 

4.4. Absorption Coefficients 

The curves giving the absorption coefficient on wafer R2-1444 were ftted to fi&-order 

polynomials for further investigations. Lower-order polynomials were also used where 
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Fig. 4.9 - Cornparivon of the Photocurrent Meauunxi on Severi Wafers, at 7 V 

they could accurately describe the absorption data. Because dunng thermal modelling 

the voltaje is usually set to a known value whereas the temperature in the device is at 

first unknown, each polynomia: gives the absorption coefficient as a fùnction of tem- 

perature for one voltage. The result is a table of polynomial coefficients, which is given 

in appendix D. Under 5 V, the polynomial fits are only accurate up to about 70°C, since 

polynomials could not be well fit over the full temperature range; othenvise the fits are 

accurate up to 250°C. This table of coefficients can easily be exported to other software, 

sucb as a spreadsheet application, for further work. 

4.5. Wavelength-Dependent Absorption 

The absorption coefficient strongly depends on wavelength in a semicunductor, espe- 

cialiy when the photon energy is close to the band yap energy. This is the situation 
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Fig. 4.10 - C o m p ~ s o n  of the Absorption Meauured on S e v e d  Wders, at 7 V 

prevailing in the MQW present in the waveguide device, which is then very sensitive to 

chanses in wavelength. Many telecommunication systerns have a way to monitor and 

adjust the wavelength of emission of the laser source to ensure that it remains constant 

over tirne, ço this is not expected to cause major problems for the operation of the 

waveguide device. However, it is still instructive to look at the dependence of absorp- 

tion on wavelength, to understand the behavior of absorption. This section describes the 

experiments carried out to study the dependence of absorption with respect to wave- 

lençth, voltage and temperature. 

The experiments consisted of repeating the measurements performed on large-area 

devices whiie using different wavelengths. Al1 measurements were carried out on sam- 

ples fiom wafer R2-1393. Because the procedure has already been described, only the 

results are presented here, in figures 4.11 and 4.12. These graphs show the photocurrent 
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Fig. 4-1 1 -Photocunent in Large-Area Device at Different Wavelengthu, at 1 V 

measured in the devices at 1 and 5 V, when five different wavelengîhs were used, rang- 

ing from 1557 nm (the nominal wavelength for the operation of the device) to 1450 m. 

ï h e  two graphs indicate how the absorption curves evotve with increasing voltage. On 

the other hand, waveguide measurernents at short wavelengths are almost impossible 

since the waveguide then becomes opaque to the light, even in the regions not covered 

by the g d d  electrode. In such conditions, very iittle light reaches the output facet, even 

when the device is not biased, forbidding any accurate absorption measurement. The 

only experimental data available is then the photoment measured in large-area devices. 

Because the optical power in the fiber was kept constant at 3 rnW when the wavelength 

was changed, it is possible to compare directly the different photocurnent curves to look 

at the variation in absorption with respect to waveiength. In both graphs, it can be seen 

that a reduction in wavelength causes the whole absorption curve to be displaced on the 
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Fig. 4.12 - Photocumnt in Large-Area Device at Different Wavelengths, at 5 V 

temperature axis towards lower temperatures. Thus, increasing the temperature in the 

device or reducing the wavelength have vïrtually the sarne effect on the absorption 

coeffkient in the MQW. The main effect of raising the intemal temperature is to reduce 

the band gap in the MQW, which impacts the absorption in the sarne way as increasing 

the photon energy. However, changing the applied voltage has a totally different impact 

on absorption, since this completely changes the shape of the curves, as can be observed 

by comparing figures 4- 1 1 and 4.12. 

Conclusion 

Absorption rneasurements provide much information useful in itself, by indicating the 

respective effects of voltage, temperature and wavelen,gh on the absorption occumng in 

the waveguide. These measurements also demonstrate that temperature has a geat 



influence in optoelectronic devices using electro-absorption. However, the most impor- 

tant utilization of this data is for the thermal modelling work presented in the next chap- 

ter. 



Cltnpter 5 
Thermal Modelling 

The liquid crystal technique reveals only limited information about the temperature in 

the waveguide device. Tt gives the ternperature and the location of the hottest point of 

the device surface, but tells nothing about the interna1 temperature or the temperature 

profile outside the hot spot. Another limitation is that it is not practical to study the 

behavior of the device close to conditions that lead to instantaneous blow-up, unless one 

accepts to sacrifice a large number of devices. Developing a thermal model of the 

waveguide device is perhaps the only way to circumvent these difficulties. The model's 

main parameters are the applied voltage and the optical power in the wavepide, from 

which a complete, three-dimensional ternperature profile in the whole device can be 

produced. 

In the begiming of this work, a simple model was constnicted; it was implemented 

using the C++ progamming language. This model used finite differences to compute 

the steady-state temperature profile along the length of the ridge of the narrow-electrode 

device for any combination of voltage and optical power. The simplicity of the model 

allowed fast calculations, however, it severely limited its versatility: the mode1 could not 

be adapted to the large-ped geometry, nor could it include the effect of the laser heatinj 

in the hybrid configuration. Finally, the thermal conductivity had to be futed at a con- 

stant value, and was not allowed to Vary with temperature. To rernedy these problems, a 

second mode1 was developed using a commercial software package, M'or, which uses a 

Finite-Element Algorithm (FEA) to compute a three-dimensional temperature profile in 

a device of arbitrary geometry. The AIgor model is more cornplex and calculations are 

much slower; however, it does not suffer any of the limitations of the original model. 



The results obtained fiom the first rnodel plzyed an important role in understanding the 

thermal issues in the waveguide device at the early stage of this work; however, it serves 

no purpose to present them here. The predictions of the Algor model are more precise, 

comprehensive and reliable, and no additional information can be extracted from the 

earlier model. 

Several thermal models of optoelectronic devices, almost exclusively laser diodes, can 

be found in the literature [24,15]. Their primary intent is often to study the facet dega- 

dation, usually the principal cause of failure of GaAs-based lasers. These models do not 

use a FE.4 to compute the temperature at the facet, but take into account many cornplex 

physical processes, such as absorption of light at the facet, carrier generation, recombi- 

nation and transport, etc.; these processes are al1 potentially influenced by temperature. 

These models are thus inherently non-linear, that is, the temperature does not Vary line- 

arly with the power dissipated in the device. On the other hand, FEA are often used in 

thermal models of mechanical or electrical systems, and such models usually have fixed 

thermal loads and are linear. The originality of the model described here cornes frorn 

two aspects. First, thermal issues have rarely been studied in optoelectronic devices 

other than laser diodes. Second, the model is non-linear for two reasons: the thermal 

conductivity strongly depends on temperature, and so does the heat generation in the 

device, since absorption changes with temperature. After an extensive literature search, 

no other instance of a non-linear thermal mode1 of any optoelectronic device other than a 

laser diode has been found. 

This chapter describes in detail the Algor model and explains how it is used to study 

themal issues in the wavepide device. The modelling requires the knowledge of the 

thermal conductivity of the different semiconductor materials present in the device. 

Obtaining this data is not a tivial task, and the question is addressed in some depth. The 

modelling results are then presented and discussed. The final product of this analysis 

can be expressed conveniently by temperature maps that give the intemal and surface 

temperatures on the chip for al1 combinations of voltaye and photocurrent. The model 



predictions are fmally compared with the temperatures measured with the liquid-crystal 

technique, to m e s s  the validity of the model. 

5.1. Thermal Conductivity of Compound Semiconductors 

The evaluation of the thermal conductivity of thin semiconductor layers is far from a 

trivial matter, and considerable efforts have been devoted to this problem by many re- 

searchers [18-261. The thermal conductivity of compound semiconductors depends on 

the exact composition, doping and crystalline quality of the sample and also exhibits a 

strong dependence on temperature: this al1 contributes to complicate the measurements 

and their interpretation. Moreover, measuring the thermal conductivity of epitaxial 

layers requires elaborate experimental manipulation, unlike the case for the electrical 

conductivity. No measurement of the thermal conductivity has been carried out for this 

work; instead, the literature on the subject has been reviewed extensively to obtain the 

required information. 

5.1.1. Thermal Conducrion in Semiconductors 

Phonons are mainly responsible for the conduction of heat in semiconductors [16,17]. 

Unlike the case of metals, the electronic contribution is negligible except in the case of 

very highly doped samples (iess than 1% for n = 1018 cmJ in GaAs [18]). Let us now 

consider how phonons conduct heat. me heat flux in a solid is determined by the total 

crystal momentum of the phonon gas. The thermal resistivity of a crystal aises from the 

fact that phonons are scattered by impurities, sarnple sunaces or in collisions with other 

phonons. In a perfect crystal, phonon-phonon collisions are the only source of scatter- 

ing  Consider the law of conservation of crystal momenturn for a collision involving 

three phonons: 



where the indices 1 and 2 denote the colliding phonons, and 3, the single phonon result- 

ing from the collision. In this so-cdled normai process, the total crystal rnomentum is 

conserved in the collision, and the total crystd momentum of the phonon gas is und- 

fected- There exists however another class of processes, called urnldapp processes, 

where a reciprocal latnce vector needs to be added to equation 5.1, because the sum of 

the kl and kz lies outside the first BrilIouin zone. 

Umklapp processes do modify the total crystal momentum of the phonon gas, and thus 

lirnit the thermal conductivity of a crystal. In order for umklapp processes to represent a 

significant fraction of d l  phonon collisions, there must be an important number of pho- 

non with a crystal m o m e n t -  magnitude of die order of ?h IGI, othenvise the sum of the 

crystal momenta in a collision would never lie outside the first Brillouin zone. This 

means that the ternperatue must exceed the Debye temperature of the crystal, that is. the 

temperature where al1 the normal modes of the crystal are excited. At lower tempera- 

tures, the umklapp processes are "frozen out", and the thermal conductivity increases 

rapidly. At hi& temperatures, the probability of any phonon to undergo an umklapp 

collision is roughly proportional to the total number of phonons, which is proportional to 

the absolute temperature, according to the Bose-Einstein distribution. The thermal 

conductivity should then be inverseIy proportional to the absolute temperature: 

where n is equal to one in the absence of collisions implying more than three phonons. 

In real semiconductor crystals, the exponent n varies between 1 and 2, indicating that 

higher-order processes are also present. 



5.1.2. Efect of Composition 

In the In~&axAs,P~., system, the thermal conductivity is known with good accuracy and 

confidence only for the binary compounds. The conductivity of ternary and quaternary 

cm not be evaluated by means of simple interpolation, however. In facf the random 

distribution of atoms of different elernents in both the valence lTI and V sub-tattices 

represents fluctuations in the periodicity of the latîice and is the source of heavy phonon 

scattering. The thermal conductivity of temary and quaternary compound semiconduc- 

tors is then much lower than that of binary cornpounds, by a factor as large as 20. Ex- 

perirnental data is available in limited amounts on temary compounds [19-221 but is very 

scarce on quatemary [19]. The fact that the crystalline quality of the grown samples and 

the exact doping afFect measurements comphcates the interpretation of the results. In 

the best case, the precision of the measured values of the thermal conductivity does not 

exceed 10%. 

Because of the lack of experimental data, several authors have developed elaborate 

models to find the room-temperature conductivity of compound semiconducton in the 

InGaAsP system, narnely, Abeles 1241, S. Adachi [19,20] and W. Nakwaski [22]. Each 

model uses slightly different assumptions but yields similar, although not identical, 

results. The values of the thermal conductivity used in this work corne from Adachi7s 

model. 

It is important to note that doping also affects the thermal c o n d u a i v i ~  of a semicon- 

ductor. The values reported usually concem samples not doped intentionally, with 

residual doping of the order of 1016 to 1017 cm'3. It bas been reported that each decade in 

doping concentration exceeding 10" cm reduce the conductivity by 7 to 8 % in Ge 

or GaAs 1251. However, the active region of the waveguide device is undoped, and most 

other matenals composing the waveguide device are only lightly or moderately doped 

(les than 10" cmJ). For simplicity, the eEect of doping has been neglected in the 



model, since the changes induced on the cunductivity are of the order of the uncertainty 

on its value. 

5.1.3. Temperature Dependence of the Thermal Conductivity 

The discussion up to this point was limited to the roorn-temperature value of the thermal 

conductivity. However, as mentioned earlier, the conductivity is strongly dependent on 

temperature. Since temperaturzs as high as 300°C are found in the model, this depend- 

ence c m  not be neglected. Experimental data on binary Ill-V semiconductors suggest 

that they al1 obey equation 5.3 in the temperature range 150 - 600 K; the exponent n is 

2 -55 for InP, ! -25 for GaAs, 1.20 for InAs and 1.30 for GaP 1191. The thermal conduc- 

tivity can then be expressed as 

where 00 is the conductivity at room temperature To. Adachi [19] and others [14] go 

further and suggest that the conductivity of temary and quatemary semiconductors 

follows the same law, and suppose that the exponent should lie in the range 1.20 - 1.55. 

The onIy expenmental data found on the dependence of the conductivity on temperature 

of ternary alloys concerns the InCaAs system [23]. The conductivity was measured at 

300, 500 and 700 K, and the results indicate that the dependence is not as strong as 

Adachi suggests, but that the exponent in equation 5.4 should rather be approximately 

0.8. Because of the very limited quantity of data shown, it was decided instead to follow 

Adachi's suggestion and to use an exponent of 1.375 for InCaAsP, midway between that 

of GaAs and Id? for the ternary and quatemary alloys found in the device. The largest 

error made on the thermal conductivity, if the achiai exponent was 0.8, would be 50% at 

600 K, and would Iead to an overestimation of the interna1 temperature. The overall 

impact on the modelling should not be very important, however, since oniy a small 



portion of the device is composed of quaternary semiconductor. The model predictions 

would then constitute a worst-case scenario, useful from a reliability point of view. 

Aithough only a limited arnount of experimental data is available on the thermal con- 

ductivity of cornpound semiconductors, al1 the necessary information has been obtained, 

and it is now possible to proceed with the modelling itself. 

5.2. Description of the Finite-Element Model 

The first step in creating a thermal mode1 with the software Algor is to draw the model, 

using the cornputer-assisted drawing program. The individual elements are defined by 

drawing a fine mesh over the device model, and the different materials are specified by 

assigning different colors to the drawing elements- The next step is to speciQ the ther- 

mal loads, that is, how heat is generated and extracted fiom the device. Thermal loads 

cm exist in the form of heat generated inside a given volume, fixed-temperature bounda- 

ries (corresponding to a perfect heat sink) and convection boundaries. Algor then com- 

piles the model and nins the FEA progam. The result of the analysis consists of the 

temperature distribution in the device; ît can be displayed on the screen as  a map of the 

device, where temperature is given by a color scale, or exported to another software, 

such as a spreadsheet application, for M e r  analysis. 

The equation descnbing heat conduction in a non-moving solid is [27] 

where o is the thermal conductivity, a second-order tensor in the most general case, p is 

the density, C,, is the specific heat and q is the power dissipated in the form of heat per 

unit volume. Without further assurnptions, al1 quantities can Vary with position and 



temperature at this stage. This discussion is lirnited to the case where al1 materials are 

isotropie; furthermore, only a steady-state solution is needed. However, the model is not 

homogeneous, since several different materials are present. The temperature depend- 

ence of both the thermal conductivity and the heat generation term also needs to be taken 

into account. Equation 5.5 then becornes 

In this model, the heat generation term is a result ofthe passage of a photocurrent gener- 

ated by the absorption of light; it is given by 

where v denotes a volume. Vis the voltage, I the photocurrent. a (V, 7) is the absorption 

coefficient, w and t are the active layer width and thickness respectively, q is the respon- 

sivity, which is 1.75 A/W at 1557 nm, as explained in chapter 4, and L(x) is the optical 

power at a distance x from the waveguide entrante. This assumes that heat is generated 

uniformly in the cross-section of the active layer; this is not the exactly the case in the 

real device, since the optical mode does not have a uniform intensity over the active (and 

guiding) layer. This approximation has little impact on the model, since only a small 

fraction of the temperature gradient is found in the active layer. Since the light reaching 

distance x is determined by the total absorption occurring before x, both L(x) and q 

(x,y,z) are affected by the entire temperature distribution, T(x ',y ',z '), and not only by the 

local temperature at point (xpypz); this explains the presence of T(.r7,y '?r ') in the argument 

for the heat generation term q in equation 5.6. 

The reason to use a FEA to solve for the temperature distribution, T(xpy,z), is that it is 

impossible to solve equation 5.6 analytically in a complex geometry, such as in the 



waveguide device. Instead, the mode1 needs to be broken d o m  in small pieces having a 

simple geornetry, such as a brick shape, where this equation can be solved easily. The 

temperature distribution in each element must satisfy boundary conditions to ensure that 

both temperature and heat flow are continuous across the boundaries. that is, 

across the boundary between any pair of elements i and j; 

boundary surface. If the two elements are made of different 

Gj. Once equation 5.6 has been solved for al1 elements and 

n is a vector normal to the 

rnaterials, ci can diEer from 

the boundary conditions 5.8 

are satisfied at al! boundaries, the temperature profile in the whole device is obtained. 

5.2.2. Non-Linearities md lnhomogeneities 

The model is inhomogeneous and non-linear because of the temperature and position 

dependence of both the thermal conductivity o and of the heat jeneration term q. The 

fact that the mode1 is inhomogeneous poses no important problem, since Algor offers the 

possibility of considering multiple materials with different thermal properties. The non- 

linearity can be put in evidence by m e r  developing equation 5.6 and is more compli- 

cated to treat. To simplify this argument, let us for@ about the fact that thermal con- 

ductivity explicitly depends on position. 

4 (x, Y ,  2, T )  
- - V(G (T) V T )  

= VG ( T )  V T  +O (T)V'T 



The procedure employed to treat the dependence of q on the temperature is to mn multi- 

ple iterations of the model; at the beginning of each iteration, the heat generation along 

the waveguide is calculated based on the most recent temperature profile. This is ex- 

plained further in a subsequent section. The temperature dependence of the thermal 

conductivity is approached differently. Although Algor does allow the conductivity to 

Vary with temperature, this requires multiple iterations from the thermal processor, on 

top of the iterations required to account for the heat generation. The whole process then 

becomes very long and tiresorne. An altemate, simplet and more elejant approach is to 

use a technique called the temperature transformation [27], first used by Kirchhoff. 

This technique has frequently been used for other thermal modellinp work [14,15]. 

The technique requires an auxiliary variable, the transformed temperature, 8, to replace 

the real absolute temperature, 'I: The two are retated by the equation 

where 00 is the thermal conductivity at temperature T'. This allows a transformed tem- 

perature profile 0 (x,y,z) to be computed using a constant conductivity a*. This profile is 

then converted back to absolute temperature with the reciprocal transformation. Since 

the conductivity of the semiconductor follows the h w  given in 5.4, the reciprocal trans- 

formation is 

for n F 1. Although this technique has been designed for homogeneous solids, it will 

give correct results in the case of a stack of different materials, if within each material 

the conductivity does not depend on position and if the temperature dependence of the 

conductivity is the same for a11 materials, that is, the exponent n is the same. For this to 

b e  tme, the boundary conditions stated in equation 5.8 must be satisfied across al1 inter- 



faces. Since equation 5.1 1 does not include any reference to o, T will be continuous 

across al! boundaries, as a consequence of the continuity of 0 guaranteed by the fact that 

0 (x,y,z) is a solution of equation 5.6. The heat flow across a surface, to which n is a 

normal unit-length vector, is 

This shows that the heat fiow obtained from the transformed temperature is identical to 

the real heat flow. Since 8 (x,y,z) is a soiution of equation 5.6 when <T is constant, the 

heat flow is continuous across any interfaces, even if the thermal conductivity itself 

differs on both sides of it. 

This technique requires using a single exponent n to describe the thermal conductivity of 

d l  the matenals present in the model. A value of 1.4 was chosen, since it lies between 

the exponent associated with InP (1 -55)  and the value of 1.375 suçgested by -4dachi for 

InGaAs??. This approximation is not expected to have a significant impact on the results 

of the modelling, since the temperature transformation is not much affected by such 

small variations of r~ 
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Fig. 5- 1 - 2-D Mode1 of the Wavcguide Dcvicc 
This figure shows a cross-section of the waveguide device7 with an enlarged view of the ridge arex 
the gold pad is seen on top, formixig a bridge over with the empty region show as a white area in 

the center. Note that only one haif of the device is modeiied, because of symmetry. 
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Fig, 5.2 - 2-D Modcl of the Laser Diode 
This figure shows a cross-section of the laser diode, with an eniarged view of the ridge m a :  
the conformai gold layer is seen on top. Note that only one half of the device is modelied, 

bccause of syrnmetq. 
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Fig. 5.3 - Full 3-D Mode1 of the Hybrid Device 
The laser pad can be seen on the top left arca. and the pad covering the waveguide device 

on the botîom-right Oniy one half of the device is s h o w  wîth the ndge seen on the h n t  side 

5.2.3. Slructure of Model 

The fust step in building a three-dimensional rnodel of a waveguide device is to make a 

model of its cross-section, showing al1 the materials composinç the device, including the 

top p-side gold electrode, dielectncs (Si02 and SN,) and silver epoxy as a soldering 

layer underneath the device. The plane mode1 is shown in fig. 5.1; the large white areas 

in the middle are air gaps, over which lie the metal, forming a bridge. Each color de- 

notes a different material. The dark blue layer inside the ridge is the active region, 

where the heat is generated. To account for the heat sink under the device, the bottom 

surface of the device is defined as a fixed-temperature surface, either at 25 or 30°C, 

depending on the type of device. The other device surfaces are thermally insulated, 

meaning that the heat flow is zero across these surfaces. In the narrow-electrode device 

model, the gold layer was deleted everywhere except on the very top of the ridge. 

To create the three-dimensional model, the plane representation of the device is copied 

several times along the length of the waveguide, at intervais that def'ne the lenath of the 

elements along the waveguide. The smallest element dimension is 2.5 Pm, near the 



Tablc 5.1 - Thickness of the Layers Composing 
the Waveguide Device 

Tablc 5.2 - Room-Temperature 
Thermal Conductivities 

I Materiai Thic kness 1 b m l  1 
1 p-side gold electrode 1 1 .O 1 

1 n-InP (undermesa) 1 1-55 1 

SiOz (width) 

p'-InGaAs cap 

1 .O 

0.2 

MQW (InGaAsP) 
Gold 

I 1 

Thc numbcr in bmckcts ùidicatc thc rcfcrencc 
from which cornes the data. 

$ Obtained fkom measurements done at Norte1 

4.9 1 1201 

318 1281 

Liquid crystai (benzene) 

Silver cpoxy 

front edge of the electrode, where the optical power is the greatest and where the highest 

temperature is likely to be found. Far from the fiont edge of the electrode, the elements 

are longer, up to 70 ym, since temperature is expected to De lower and the precision does 

not have to be as hi&. On the regions past the edges of the electrode, the gold layer is 

simply deleted. A second plane rnodel of the laser cross-section was created, with a 

different material definition, to be included in the hybrid device model. The laser cross- 

section is shown in figure 5.2. Finally, the three-dimensional model is presented in 

figures 5.3, which shows an enlarged view of the junction region between the laser and 

the waveguide device. Tables 5.1 and 5.2 çive the thickness of each layer and the room- 

temperature thermal conductivities of the materials present in the device. 

0.140 [291 

4 %  

Three versions of the rnodel exist: the large-pad hybrid waveguide device, the discrete 

large-pad device and the discrete narrow-electrode device. Hybrid narrow-electrode 

devices were not modeiled, since this codig.uation was never used in experirnents. 



THERMAL MODELLING 
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Fig. 5.4 - Block Diagram Showiag the Procedure Followed for Thermal Modelling 

5.3. Procedure 

Multiple iterations are required to obtain the final temperature profile in the device. 

Each iteration involves two steps. The first one is to finc! how light is absorbed along 

the waveguide; this requires that the waveguide be divided into many "cells" having the 

length of the elernents in the model. The absorption coefficient can be different in each 

cell, and is determined by the temperature inside the ce11 and the voltage; it is however 

assumed to be constant within one ceIl. An ficel spreadsheet computes the optical 



Table 5.3 - Effect of Liquid Crystal Thickness in 2-D Model 

Conditions LC Ma- Temp. 

Table 5.4 - Effect of Liquid Crystéai in 3-D Model 

Conditions 

8 V9 5 mA 

8 V, 10 mA 

absorption and the heat generation in each cell, using the absorption data presented in 

8 V: 10 mA 

8 V. 15 mA 

chapter 4; an exmple of the content of the spreadsheet is presented in appendix E. 

LC 
Thickness 

[vml 
O 

O 

Since absorption varies with temperature, a uniform temperature profile is used initially. 

> 

t Calculatecl as follows: (TLC - Te) / (Tm4 - 25OC) x 100 % 

1 O 

10 

The heat generated in each cell is subsequently entered in A/gor. The next step is to run 

Max. Temp. 
in MQW 

C O C I  

48.9 

123 

Algor to obtain the temperature profile in the device. This profile is then used to correct 

123 

250 

the absorption and the heat generation in each cell. The process is repeated until a 

Mac Temp-at 
Gold Surface 

I"q 
34.8 

5 8 

steady-state, self-consistent profile is obtained (that is, when the temperature difference 

5 8 

94 

from one iteration to the next does not exceed 0S0C at any location). This typically 

Max. Temp 
at LC Surface 

I O C I  
- 
- 

requires 5 to 10 iterations. The procedure is summarized in a block diagram in figure 

Difference 

t 

- 
- 

15 

61 

There are some voltage-cment combinations for which the iterative process never con- 

-39% 

-48% 

verges; instead, successive iterations always yield increasing temperatures, rneaning that 



Fig. 5.5 - Ternperaturc Profile in the Waveguide Device 
This figure shows the cross-section of the wavcguide device: the tcmpcraturc is 

represented by a color scale, red being the hottest. blue the coIdest 

no stable solution exist for the heat-conduction equation under such conditions. When 

this happens, the process is stopped when the temperature exceeds 300°C, because no 

absorption data is available at diat temperature. This situation corresponds to thermal 

runaway, which Ieads to the destruction of the device; this is further discussed in sec- 

tion 5.5. 

5.4. Results 

For M e r  reference, d l  numerical data obtained from thermal rnodelling has been 

placed in appendix F. 

5.41. Effect of Liquid CrystaZ Thickness on Temperature Measurements 

A question raised by the use of liquid crystals to measure the surface temperature is the 

possibility that its presence on the chip could affect the temperature distribution, and 

hence, bias the measurements. If the LC is a good thermal conductor, it would help to 

dissipate the heat away from the hot spot, and the temperature measured would be lower 

than the actual temperature on the bare device surface. On the othrr hand, if the LC is a 



Fig. 5.6 - Temperature Profde in the Hybrid Device 
This figure shows the junction between the wveguide device and the laser, 

the temperature is represented by a color scaie, red being the hottest, blue the cotdest 

thermal insulator, there is a possibility that the temperature at the surface of the LC layer 

differs significantly from the surface temperature. This could again bias the measure- 

ments, because the full thickness of the LC layer must exceed the transition temperature 

in order to observe the transition, and the measured temperature corresponds to the 

temperature on the surface of the LC. To gain some insight on this issue, a LC layer was 

added to the model. 

This was accomplished using different absorption characteristics (measured on wafer 

R2-1393) and tvith an earlier version of the model where the conductivity was assumed 

to remain constant as temperature changed. Thus, the modelling results presented in this 

section are lower than those given in subsequent sections; however, the cornparison 

between the cases where the LC is present or absent is still valid. The LC was included 

in the mode1 by adding one more layer on top of the çold pad. The surface of the LC 

follows a circular arc, so that the thickness is maximum over the ridge and zen, at the 

edges of the device. The thermal conductivity of the LC is not known exactiy, but since 



it is an organic compound, the value for benzene was used, on the suggestion of the 

manufacturer. Because the LC is a jood thermal insulator, the effect of air convection 

on top of the LC layer could be significant and was added to the model (ambient tem- 

perature 2S°C, convection coefficient 130 W/K.m2). 

The results s h o w  in table 5.3 corne frorn a plane (two-dimensional) model. Such a 

mode1 is easier to modify and faster to run, and was used to investisate the effed of the 

LC thickness on the surface temperature. The effect of the LC was also studied with the 

three-dimensional model using a single value of the thickness, 10 Fm; the results are 

presented in table 5.4. The heat sink temperature was set at 25°C. 

Later, the modelling work was repeated without the effect of air convection on top of the 

LC layer. It was found that the effect of convection is negligible. 

The absorption measured on wafer R2-1444 was used for the rnodelling of the large pad, 

and the heat sink temperature was set at 30°C. Temperature profiles were obtained at 5, 

6, 7, 7.5, 8 and 9 V. More accurate data is needed in the 7 - 8 V range for the activation 

energy experiment, which is described at the end of this chapter; this justifies the addi- 

tional set of data acquired at 7.5 V. At each voltage, the photocunent was successively 

set at al1 values between 4 mA to the thwmal runaway point (18 mA at the rnost), with a 

2 mA step (1 mA near the runaway point). An example of a temperature profile in the 

cross-section of the waveguide device is shown in figure 5.5. A typical three- 

dimensional temperature profile is presented in figure 5.6, which shows an enlarged 

view of the region between the waveguide device and the laser. The simulations were 

carried out twice, for both discrete and hybrid devices. The results are presented in two 

different ways. The temperature maps in figures 5.7 and 5.8 show the ternperature using 

a color scale for al1 combinations of voltage and photocurrent. Red denotes the hottest 

ternperature and blue, the Lowest. The two maps gîve the peak temperature found in the 



Fig. 5.7 - Temperature Map for the Hybrid Case 
This map gives îhe pcak temperature in the active region under thc large pad 

as a function of voltage and photocurrent Isotiiennic lines are spaced by 25°C. 

active region of hybrid and discrete devices, respectively. Note that Excel uses linear 

interpolation to create a c'continuous" graph from the discrete set of data, which explains 

the "jagged" appearance of the isothermic lines. Figure 5.9 compares the peak tem- 

perature in the active region, obtained fiom both the discrete and the hybrid device 

rnodels, in a conventional graph form. 

It is possible that the exact size of the elements along the ridge could influence the out- 

corne of the rnodelling, particularly under conditions where the absorption in the 

waveguide is very large. This is a consequence of the fact that, under such conditions, 

most of the light is absorbed over a short length of the waveguide, in the first two or 

three celis. Under such conditions, the discrete nature of the model could lead to erro- 

neous predictions. To investigate this, the model was modified by elongating the fint  

four elements in the direction parallel to the waveguide, from 2.5 to 5.0 p. The maxi- 

mum temperatures found in both cases are compared in table 5.5. 



Fig. 5.8 - Temperature Map for the Discrcte Cssc 
This map gives the peak temperature in the active region under the Large pad, 

as a function of voltage and photocurrcnt Isothcnnic h e s  are spaced by 25OC. 

On figure 5.10, the thermzl modelling data is compared to the expenmental data ob- 

tained with the liquid-crystal technique on sampies from wafer R2-1444. The graph 

shows the peak surface temperature, since this is the only information given by the 

5.4 3. Narro w-EZectrode Devices 

A sirnilar investigation has been can-ied out on narrow-electrode devices. As mentioned 

earlier, this device has not been designed to handle large heating, thus, the temperatures 

in this device are expected to be significantly higher than on the large pad for identical 

voltage and photocurrent. Six values of the voltage have been used, ranging from 4 to 

9 V, with photocurrents of 2 to 16 m 4  with a 2 mA step. The heat sink temperature 

was set at 25"C, to compare the rnodelling results with the liquid-crystal measurements 

carried out on narrow-electrode devices. 
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Fig. 5.9 - Temperature in Active Region under Large Pads 

Figure 5.1 L and 5.12 give the peak temperature found in the MQW, respecti~ 

temperature map and in a standard graph. Figure 5.13 compares the mode1 predictions 

(surface temperature) with the liquid crystal rneasurements. The experimental values 

shown are averages of the temperatures measured on al1 devices originating from wafer 

R2- 1444. 

5.4 4. Cornparison Between Large Pads and N a m  w EIectrodes 

The last set of modelling results compares the temperature on a large-pad and a narrow- 

electrode device, to quanti@ the improved heat dissipation of the large pad. Since the 

heat sink temperature in the former data is 30°C for the large pad and 25OC for the nar- 

row eiectrode, a direct cornparison is not possible. New modelling data was obtained for 



Fig. 5.10 - Cornparison of Experimentai and ModeUing Results on Large-Pad Devices 
This graph compares the peak surfacc tcnipcraturc obtained from thc l iquid-q-d tcchnique 

and h m  the mode1 on large pads of discrete devices. 

Table 5.5 - Effect of Element Length along the Ridge 

MQW Temperature [ O C ]  1 Sudace Temperature [OC] 

the narrow electrode at 30°C and 8 V, and is plotted in figure 5.14, along with the large 

pad data. 



Fig. 5.1 l - Temperature Map for Narrow-Elcctrode Deviees 
This map gives the peak temperature in the active region under large padr 

as a fiinction of voltage and photocurrent Iso(hcrmic lines are spaced by 25OC. 

5 S. Discussion 

A temperature rnap is a direct and very informative way of presenting the results of the 

rnodelling; the respective influence of photocurrent and voltaje on the peak temperature 

c m  clearly be seen on this kind of gaph. The isothemic curves give the set of condi- 

tions that lead to the sarne temperature; therefore, once one sets a maximum temperature 

ensuring the safe operation of the device, the maximum (1. V) conditions permissible can 

be established h m  such a map. 

The mode1 reveals that there are combinations of photocurrent and voltage that lead to 

thermal runaway, which can cause damage and even destruction of the device. The 

thermal ~unaway occurs because of the temperature dependence of the absorption CO- 
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Fig. 5.12 -Peak Temperature in Active Region of Narrow-Electrode Devices 

efficient. As temperature rises, the absorption in the waveguide increases, and that, In 

mm, produces an additional heating, which raises the local temperature M e r .  Eventu- 

ally, the temperature could increase up to a point where damage is induced in the device. 

When the voltage or current is increased progressively towards the runaway poinc the 

peak temperature increases rapidly, even though a stable solution to the heat condudion 

equation still exists. Past the ninaway point, however, no stable solution c m  be found, 

and the temperature increases from one iteration to another without converging. The 

isothermic curves are thus closely spaced near the thermal mnaway region. Note that 

the thermal mode1 is ideally suited to shidy the thermal mnaway process, since it does 

not lead to the costly destruction of real devices. The reduction of the thermal conduc- 

tivity as temperature increases is also a key ingredient in thermal mnaway. In an earlier 

version of the modei, where the conductivity was assumed to remain constant as tem- 

perature changed, thermal mnaway was never predicted. Thus, thermal mnaway re- 
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Fig. 5.13 - Cornparison of Experimeatd and Modciiing Results on Narrow-Electrode Devices 
This graph compares the peak surface temperature obtained frorn the model 

and rrom the liquid-cqstal technique, 

quires the dependence of both the thermal conductivity and the absorption in the 

waveguide with respect to temperature. 

The model shows bat, when approaching thermal runaway, the temperature increases 

more rapidly with photocurrent at low voltages than at high voltages. The cause of this 

can be found in the absorption graphs presented in the chapter 4. Between 100 and 

200°C, the absorption v&es more rapidly with temperature at low voltages. Since 

temperature is expected to follow the absorption in the waveguide, the interna1 tem- 

perahire increases more rapidly with photocurrent when the voltage is low, in conditions 

close to thermal runaway. 

The model also constitutes a good way of investigating the possible influence of the LC 

on the temperature inside the device. Tables 5.3 and 5.4 show unarnbiguously that the 
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Fig. 5.14 - Cornparison Betwwn Large-Padu and Narrow-Elcctrodeu Devices, at 8 V 

surface temperature remains the same in the device when LC is added on the surface of 

the chip, meaning that it does not affect at al1 the temperature profile in the device. 

However, depending on the LC thickness, the temperature at the surface of the LC can 

potentially differ significantly from the device surface temperature. Thus, the thickness 

of the LC must be kept at a minimum, otherwise the measurements could give erroneous 

results. An upper Iimit on the LC thichess was set at 5 pm, at which the error is 8% in 

the two-dimensional model. In the three-dimensional model, the error is greater, be- 

cause the heat produced at the hot spot must heat a large volume of LC instead of just a 

"slice" of LC in the plane model. From the data aven  in tables 5.3 and 5.4, the largest 

possible error on the experirnental measurernents is estimated to be about 15% when the 

LC thickness is 5 pm. This value is high but is judsed acceptable. 



Another important result of the modelling is that it confirms the presence of a thermal 

cross-talk between the waveguide device and the laser, which had already been demon- 

strated by the LC technique and the blow-up expenments. On figure 5.9, the ternpera- 

ture is always higher when laser heating is present, for identical voltage and current 

conditions. 

In order to gain more confidence in the model, its predictions were compared to the LC 

measurements. Figure 5.10 shows that the agreement between the model predictions 

and the measured surface temperature is very good on the discrete large-pad devices. 

The cornparison on hybrid devices, although not shown here, also shows a satisfactory 

agreement. One important discrepancy is that the model predicts thermal runaway to 

happen at a photocurrent that is too low, for a given voltage. This is especially true at 

low voltage: at 6 V, thermal ninaway occua at 14 mA in the model, but liquid-crystal 

measurements have been camed out at photocurrents up ta 19 mA. 

There are several possible causes for this discrepancy. The first one is the effect of the 

discrete nature of the model under hijh temperature and, hence, high absorption condi- 

tions, as was explained in section 5.4. Table 5.5 shows thaf under hi& bias and photo- 

current, the modelling results depend on the exact dimension of the elements along the 

ridge; this means that the finite size of the elements can cause the mode1 to make unreli- 

able predictions in such conditions. When temperature and absorption are not as high, 

the generated heat is spread over a iarger region, and the elements' dimensions do not 

affect the outcorne of the model. However, the difference of a few percent associated 

with this effect c m  hardl J explain entirely the discrepancy. Another possible cause that 

can be invoked is a gradua1 "rampinç up" of absorption near the edge of the pad. In the 

model, no absorption occurs before the electrode edge. In real devices, however, the p- 

doped InP layer on top of the ndge can conduct the current for some distance past the 

edge of the gold pad, thus establishing a partial voltage drop across the p-n junction 

outside of the pad area. Some light should be absorbed before it reaches the pad itself, 

spreading the heat generation over a longer region of the wavesuide than what is pre- 



dicted by the model and leading to an overestimation of the temperature under the pad. 

The effect would be again more important in high temperature and absorption condi- 

tions. Unfortunately, it is virtually impossible to modîfy the model to account for this 

effect. Finally, the assurnption made on the thermal conductivity of quaternary semi- 

conductors and its dependence on temperature can also be invoked as a cause of the 

discrepancy. If the variation of the conductivity with temperature (çiven by the expo- 

nent n) was slower than assumed, the model would again overestimate the interna1 tem- 

perature. 

Although the discussion up to this point concerns the large-pad device, it is also valid for 

the narrow-electrode device. The temperature map presented in figure 5.1 1 is not as 

smooth as for the large pad, because fewer sets of conditions are mapped. The agree- 

ment between the model predictions and the experimental data is acceptable, although 

not as good as on the large-pad devices. Here also, the thermal runaway appears to 

occur at a higher photocurrent dian what is predicted by the model. Finally, the model- 

ling results show that, under similar conditions, the temperature in the active region 

under the narrow electrode is higher than under a large pad; this proves that the pad is 

better at dissipating heat. Of course, the gold electrode temperature is very different in 

the two cases, since the pad provides a way for heat to escape the hot spot, whereas in 

the narrow electrode, the heat is trapped and can only travel along the ridge. Although 

the cornparison is limited to the 8 V case, the situation is expected to be the same at 

other voltages. 

5.6. Activation Energy Evaluation 

Optoelectronic components seMng in telecommunications are required to be extrernely 

reliable. The expected lifetime of any component must typically exceed twenty years. 

Since most optical fiber links are buried or even submerged in the ocean, the cost asso- 

ciated with the replacement of failing components is extrernely high, which justifies the 

high priority placed on reliability. However, testing devices for a period of twenty years 



is impractical, and it is necessary to develop accelerated testing schemes to study the 

degradation mechanisms. The usual procedure is to overstress the device over pro- 

longed periods of time, thus accelerating the aging process. Overstress consists of high 

temperatures, voltages and optical powers. These tests are based on the assumption that 

the accelerated degradation mimics the one occurring during normal operation of the 

device, so that the lonç-term behavior of the device subjected to normal stress can be 

deduced from the high-stress testing. 

Studying the degradation of the waveguide devices presented in this document is not 

easy, because rnost of the times there is no extemal sign of gradua1 degradation pnor to 

the occasional failures observed when devices are submitted to high voltage and optical 

power. Laser diodes, on the contrary, sufler gradxal degradation over time, character- 

ized by an increase in the threshold cument and a reduction in output eficiency. The 

only way to study the degradation of waveguide devices is to overstress thern and to 

evaluate the rate of failures. A procedure needs to be established in order to deduce 

fiom these tests the estimated lifetime of waveguide devices under normal conditions of 

operation. To this intent, a number of devices are operated for long periods of time in a 

variety of high-photocurrent and hi$-voltage conditions, each leading to a different 

intemal temperature (the stage temperature is fixed at 30°C for these particular over- 

stress tests). One can reasonably assume that degradation is solely a fundion of intemal 

temperature, and that it is described by an Arrhenius law, with the degradation rate 

proportional to exp (-E, / kBT). The activation energy, E,, is a characteristic of the 

degradation process, and is given by the slope of the curve on a graph showing the loga- 

rithm of lifetirne versus the inverse of absolute temperature. If only one degradation is 

involved over the whole temperature range (in other words, if Eu is not a function of 

temperature) the lifetime of the device under normal conditions of operation c m  be 

estimated by extrapolating this line to the intemal temperature expected during normal 

operation. The actiwation energy then provides an essential link between the high-stress 

aging tests and the degradation of the device under normal operating conditions. Note 



that this does not hold if the degradation is caused by different mechanisms at the high 

temperatures found in the overstress tests and at normal operating temperatures. 

The role of the model would be to provide the internal temperature for al1 sets of condi- 

tions the devices are submitted to during the aging tests. This information could be  

fùrther validated by the liquid-crystal technique. If the combination of the aging tests 

and the modelling were to lead to a determination of the activation energy, this would 

constitute a very usefûl application of the thermal mode1 and the experimental technique 

developed during the course of this work. The aging experiments have been undertaken 

in the reliability department at Nortel. This work is, however, beyond the s a p e  of this 

thesis. 

Conclusion 

The thermal model of the waveguide device has proven to be an efficient tool to study 

thermal issues. The mode1 comptes the internal temperature for any combination of 

voltage and photocurrent; a convenient way of presenting these results is in the f o m  of 

temperature maps, in the voltage-photocurrent plane. Despite difficulties in predicting 

the conditions that lead to thermal mnaway, the model predictions were found to agree 

well with the temperature measured usinç the liquid-crystal technique; this increases the 

confidence in the validity of the mode1 predictions. One interesting feature of the model 

is that it can be easily modified to reflect different contigurations of the waveguide 

device, such as the narrow electrode or the large pad. Eventually, the mode1 could also 

be used to shidy the effect of minor changes to the device design, such as a reduction of 

the length of the pad or electrode or changes in the exact composition or geometry of the 

ridge, etc. Eventually, the design of fiiture similar devices could be optimized before the 

device is actually manufactured with the aid of thermal models. 

Computer models are becoming an intricate part of the design cycle of optoelectronic 

devices; thermal rnodels, however, are still uncornmon for devices other than laser di- 



odes. Because of a l  the issues already mentioned, the need for themal modeIs will 

increase in the near future. This work has demonstrated that, despite the inherent corn- 

plexity of these models due to temperature-dependent processes and thermal conductiv- 

ity, accurate and reliable predictions cm be made. Apart fiom what is mentioned in this 

chapter, the mode1 has also found many other applications within Nortel, proving its 

usefulness. Thermal rnodelling of optoelectronic devices is viable and usefùl: this is 

perhaps the most important conclusion of this work 



Chapter 6 
Correlation of Electro-optic Data and 
Overstress Tests 

It is customary in the optoelectronic industry to assess the reliability of a given lot of 

devices before using them in commercial products. This can be accomplished by sub- 

mitting a smali number of devices coming from this lot to hi& stresses, such as high 

temperature, voltage and photocurrent, and monitoring for any sign of degradation. An 

example of such overstress test has been given in section 5.6. Because of the duration 

(typically thousands of hours) and cost associated with these tests, it would be highly 

desirable to eliminate batches of devices showing poor resistance to high stresses as 

early as possible in the production process, even before the overstress tests when possi- 

ble. This would Save the cost involved in testing that particular lot. 

Because a large number of physical quantities were measured in the course of diis worlg 

this is an opportunity to investigate the possibility that any of these quantities could 

constitute an early indicator of the robustness of the devices under hi&-stress condi- 

tions. With this purpose, al1 the data acquired on a given wafer, either with the aid of the 

liquid-crystal technique or from the absorption measurements, was put in relation with 

the overstress tests resdts performed on the same wafer. If a suficient number of wa- 

fers is available, it is possible to rneasure the correlation in any pair of given quantities. 

For example, a good correlation is expected between the temperature rise rneasured with 

the liquid-crystal technique and the absorption coefftcient in the waveguide. If the 

overstress data is found to be well correlated to any other measured quantity, the latter 

could qualie as an early indicator of the performance of a given wafer to the overstress 

tests, and potentially of the long-term reliability of the devices coming from this wafer. 



Note haî, for this shidy, the correlation will be established uniquely on a wafer basis, 

and not on any other lot size. 

In this chapter, dl the quantities measured during the course of this work are compared, 

and the correlation with the data obtained fiom the overstress tests is evaluated. The 

overstress aging tests that this chapter refers to are different from the tests described in 

section 5.6, as they involve submitting the devices to high reverse bias and high tem- 

peratures in large ovens. No optical power is injected into the waveguide for these tests; 

this simplifies the testinj procedure since it does not involve the troublesome operation 

of coupling light in the waveguide. The overstress data consists of the fraction of the 

devices that have failed durinç the established test penod. In order to complement the 

data already available, an additional set of measurernents was done; this yielded quanti- 

ties such as the leakage current and the instantaneous blow-up voltage in the waveguide 

device. At the end of this chapter, the correlation found between the different quantities 

enumerated here and the potential existence of early indicators of the long-tem reliabil- 

ity are discussed. 

6.1. Additional Measurements 

Additional measurements were necessary to acquire some missing but important infor- 

mation on the waveguide device diat could evenhially be linked to the resistance of the 

device to high levels of stress. Four quantities were measured: the leakage current, the 

voltage corresponding to a n radian phase shift of the light havinj propagated through 

the waveguide, the optical absorption as a function of voltage and the voltage and photo- 

current causing instantaneous bIow-up of the waveguide device. -Ai1 measurements were 

made on narrow-electrode devices. Since the measurements of most of these quantities 

were already described, the manipulation and the test procedure are described only 

briefl y in this chap ter. 



MEASUREMENTS s 
Place sample on stage 

ALign input and output fiber 
Turn off laser 
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Fig. 6.1 (A) - Biock Diagram Descnbing the Additionai Meüsumments 



BLOW4W TEST s 
Set WFA current at 150 rnA 

1 Set voltagc at 8 + 20 V: 1 

Masure Photocurrent 

Adjust EDFA current to have 
8 m .  of photocurrent in El - C 1 / I 

Check for blow-up 
(if sudden rcduction in 
pho tocurrent) 

Write voItage and last photocurrent I 
Fig. 6.1 (B) - Block Diagram Describing the Additional Measurernents 

6.1. I .  Measurernents 

Figure 6.1 shows a block diagram descrïbing how the rneasurements are carried out. 

The first step is to measure the leakage current at 10 V; the extemal laser used to inject 

light in the waveguide is turned off for this. For the second experiment, the waveguide 

device is placed in an interferorneter, where the Iight is split in two beams that recom- 

bine after one beam has traveled throua  the waveguide device. The power at the output 



of the interferorneter is measured as a fundon  of the voltage applied to the waveguide 

electrode, in order to find the voltage correçponding to a x-radian phase shifk. This 

information indicates the magnitude of the variation of the refiactive index in the 

waveguide as a function of the applied voltage, and is of great importance if the device 

is to be operated as a phase modulator. The third series of measurements is simply to 

evaluate again the absorption, to verie that it corresponds well to the measurements 

presented in chapter 4. Absorption is only measured at one temperature (2S°C). Finally, 

the voltage is increased on the waveguide electrode until instantanmus blow-up occurs, 

while the laser power is continuously adjusted to maintain the photocurrent at 8 mA. 

Because it is difficult to inject a large optical power into the wavepide, it is not practi- 

cal to use a higher photocurrent niese measurements are typically done on eight 

waveguide devices from each wafer- 

n i e  measurements are performed on the test station used for the liquid-crystal experi- 

ments, on the samples on which the absorption measurements and the liquid-crystal 

expenments have already been carried out. The sample is placed on the temperature- 

controlled stage, under the microscope, the electrïcal probes are put in contact with the 

carrier contact pads and two tapered fibers are brought near the facets of the waveguide. 

The fine alignment and the entire measurements are camed out by the cornputer via a 

HPVee program. 

6.1.2. Data Processing 

The processing of the test data is straight-fonvard. The dark current and the blow-up 

voltage and photocurrent require no additional treatment. The voltage corresponding to 

a x-radian phase change, noted V,, is calculated as the difference between the voltages 

corresponding to the first two extrema in the power at the output of the interferorneter, 

whether a minimum or a maximum cornes first. This is explained graphically by figure 

6.2. Only the absorption data needs elaborate treatment, to obtain the absorption in dB 
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Fig. 6.2 - Power 3t Output of the Interferorneter as a Punction of Voltage -This graph shows the 
optical power rneasured at the output of the interferorneter, its derivative with respect to voltage and 

the absorption memec i  sirniil~eously in the wavcguide. 

from the photocurrent and output power measured as a function of voltage. The proce- 

dure used was described in chapter 4. 

6.2.3. Results 

Typical results of the additional measurements are found in table 6.2. Figure 6.2 shows 

an example of the power measured at the output of the interferorneter as a function of 

voltage and gives a graphical definition o f  Vx; also shown is the absorption measured in 

the waveguide. 



6.2. Cornparison 

6-2.2 - Selecred Variables 

Due to the large arnount of data collected during the course of this work it is impossible 

to include al1 of it in the comparison. Instead, specific measured quantities are selected 

because they were representative of the ensemble of the data. These selected quantities 

are enumerated in table 6.1. and are referred to as statistical variables in the following 

discussion. 

Three values of the absorption are selected, at voltages of 4, 5 and 6 V, each at a differ- 

ent temperature; these conditions were chosen because îhey are associated with high 

absorption but are within the 40 dB limit that has been described in chapter 4. These 

three quantities are judged to be representative of the ensemble of the absorption data; 

note that no absorption data is available at high temperatures (over 60°C), since meas- 

urernents have been performed on large-area devices only on three wafërs out of nine. 

The waveguide absorption was measured again during the additional rneasurements 

described in this chapter, this time only at 25OC; these measurements are also included in 

the comparison. 

Similady, three quantities were used for the liquid-crystal measurements: they are the 

photocurrents required for the surface temperature to reach the transition temperature of 

each liquid crystal, at selected voltages. Again, these quantities should be representative 

of the entire data obtained from Iiquid-crystal measurements. The other quantities re- 

tained are the leakage currenf the voltage and electncal power (1 x V product) at blow- 

up and the voltage corresponding to a T-radian phase shift. 

The overstress tests consists of placing a certain number of devices (typically 20) com- 

ing from one wafer in a hi&-temperature (200°C) oven and to apply a large reverse bias 

(-15 V) to the waveguide electrode, for several thousand hours. The results çonsist of 



Table 6- 1 - Selected Vanables Retained for the Cornparison 

Quantity Defmition 

Absomtion Absorption mcisurcments (chavter 3) 

Abs 4V60°C Absorption in waveguide at V= 3 V. T= 60°C 

rlbs. 5V 50°C Absorption in waveguide at V =  5 V. T= 50°C 

Abs. 6V 25°C Absorption in waveguide at V = 6 V, T = 25°C 

LC Liquid-crvstal measurements (chapter 2 )  

I 7V4L°C Current required for peak surface temperature to be 4 1°C 
(clearing point of 1'' LC); 7'' = 25OC, V =  7 V 

Current required for eak slnrface temperature to be 58°C "P (clearing point of 2 LC); To = 25"C, L'= 8 V 

Cment required for peak surface temperatun to be 73°C 
(clearing point of 3d LC); To = 25°C: V = 9 V 

Add. Meas. 
- -- - - - - - 

Additional measurements (chapter 6)  

Le& 1 Leakage current on waveguide device (junction leakage) 

V,: Voltage corresponding to a n: radian phase shift 
(ciifference berneen 1" and 2"' ex-ema) 

rlbs. 4V 25°C Absorption in waveguidc at F= 1 V, T= 25°C 

tlbs. 5V 25°C Absorption in waveguide at F= 5 V. T= 25OC 

Abs. 6V 25°C Absorption in waveguide at Ir=  6 V, T= 25°C 

Voltage leading to instantancous blow-upr photocurrent kcpt constant at 8 mA 

Pbzd EIecnical p o w r  (1 s y) at blow-up, I I  8 mAt 

berstress Overstress tests (chapter 6)  

% Fail 500 hrs Percentage of devices fading after 500 hrs of stress (200°C. 15V) 
- - - -  - 

)/o Fail 1000 hrs Percentage of devices failing after 1000 hrs of stress (200°C, 15V) 

)/o Fail2000 hrs Percentage of devices failing f ie r  2000 hrs of stress (200°C. 15V) 

t For some devices- the optical power in the waveguide was i-cient to get 8 mA of photocment. but 
the b1ow-up test was sîill perfonned at the maximum possible gho tocurrent The blow-up voltage was not 
registered as CTh, but Pb,  vas still recorded in the subsequent tables. 

the fraction of the devices for which significant degradation has been observed after a 

given number of hours. No sign of damage was observed in the devices still alive at the 

end of the test. 



6.2.2. Coniparison of Variables 

The results of the measurements made on al1 devices coming fiom the same wafer were 

averaged, to get one single value per wafer for each of the variables defined above; this 

facilitates the cornparison. Table 6.2 shows the averaged value of al1 the variables on 

each wafer. Nine wafers are part of this study . 

To evaluate the quality of the correlation within any pair of variables, the correlation 

coefficient was calculated. The correlation coefficient between bvo variables, -Y md Y, 

is given by 

where o , ~  and ar are the standard deviations of variables X and Y and the covariance is 

defined as 

cov (x,Y)='c(x, -Y) (Y; -y) 
N ;=, 

wiîh X and j7 the averages of X and Y. N is the size of  the statistical sarnple, i.e. the 

number of data points. The correlation coefftcient is a number between -1 and +1. 

Close to zero, it means that no correlation exists between the two variables; near 1, there 

is a strong direct correlation, and near -1, it is an anti-correlation, which means that a 

decrease in one variable is accompanied by an increase in the other. It is possible to 

assign to any value of the correlation coefficient a probability that the correlation is 

rneaningful and not the result of two independent random distributions. This threshold 

depends on the level of confidence desired and the number of data points. For example, 

with 9 data points, a correlation coefficient over 0.582 ensures that the correlation is 

rneanin,&l with 90% confidence. Note that there are variables havinj less than 9 data 

points, and the threshold for the coefficient is increased accordingly; a table of the re- 



Table 6.2 - Cornparison of Al1 Variabtes on a Wafer Bas& 

NIA 

NIA 

NIA 

R2- 
1302 

1556 

14.47 

21.32 

21.30 

3.13 

3.75 

3-99 

4.24 

3.24 

3.53 

11.09 

25.22 

9.65 

74.43 

Quantity 

Wavelength 

Absorption 

Abs. 4 V, 60°C 

Abs. 5 V, 50°C 

Abs. 6 V, 25°C 

LC - 
17V,41.0aC 

1 8 V, 58.2"C 

1 9 V, 72S°C 

Add. Meas. 

Leak. I 

Vr 

Abs. 4 V 25OC 

Abs. 5 V 25°C 

Abs. 6 V 2S°C 

Vbu (8 

P ~ u  

that could be injected into the waveguide was not sufficient to obtain a photocurrent of 8 mA. 

EU- 
1126 

1556 

2.90 

4.05 

3-81 

8.66 

7.27 

6.44 

0.33 

4.49 

1.09 

2.67 

7.57 

10.39 

81.05 

quired value of the correlation factor as a function of the number of data points has been 

R2- 
1383 

1556 

14.03 

19.67 

20.34 

3.88 

5.00 

5.05 

21.49 

2.28 

3.38 

8.88 

22.29 

11.52 

90.69 

R2- 
1269 

1556 

5.26 

8.19 

5.42 

6.59 

5.43 

5.27 

0.04 

4.26 

1-21 

2.95 

8.12 

10.12 

7921 

Unit 

nm 

dB 

dB 

dB 

mA 

niA 

mA 

placed in appendix G. 

2000 hours, or because, in the case of the blow-up measurements, the maximum optical power 

5 

5 

20 

overstress 

Overstress 

% Fail., 500 hrs 

% Fail., 1000 hrs 

%Fail.,2000hrs 

N/A signifies that 

R2- 
1108 

1556 

6.15 

10.30 

8.92 

5.29 

5.09 

5.35 

Table 6.3 gives the correlation coefficients between each pair of variables. For obvious 

O 

O 

3 

avaiIable, 

reasons, it is symrnetnc around the main diagonal. The coefficient has been shaded 

R2- 
1471 

1556 

18.83 

26.32 

23.38 

4.02 

4.83 

5.32 

1.83 

2.33 

4.79 

12.53 

27.99 

10.57 

82.35 

R2- 
1393 

1556 

11.73 

20.63 

21.22 

3.11 

4.33 

5.00 

0.13 

4.45 

3.08 

8.47 

2237 

NIA 

70.48 

% 

% 

% 

I 
0.59 

2.85 

where the correlation is meaningfûl with a 90% level of confidence. 

25 

25 

25 

before 

R2- 
1444 

1538 

14-55 

29.51 

31.69 

3.10 

3.87 

4.62 

25.44 

1.68 

13.74 

31.99 

37.96 

NIA 

63.68 

O 

O 

NIA 

dB 

dB 

dB 

V 

mW 

N/A 

NIA 

N/A 

O 

the data is not 

0.90 

3.10 

9.42 

10.44 

80.30 

30 

70 

88 

1 O 

either because the 

I 

5 

21 

1 O 

NIA 
tests were stopped 





Fig. 6.3 - Correlation of Selected Variables on a Wafer Basis 

Selected variables have been plotted together in the graph of figure 6.3. It shows in a 

graphical forrn the relationships between al1 variables. The data in figure 6.3 has been 

nomalized, so that the actual value given on the vertical axis is the difference between 

the measured value on one wafer and the average on all wafers, divided by the standard 

deviation associated with this variable ixross al1 wafers. The sign of the ciifference has 

also been inverted for the liquid-crystal current and V ,  since they exhibit an anticorrela- 

tion with the other variables, so that the deviation of a variable Eom the average, on a 

given wafer, should be of the same sign for al1 variables. This graph should be inter- 

preted in the following way: if two variables were perfectly correlated (R =hl), the 

conesponding bars wodd always have the same height on any wafer; if they were un- 

correlated, no relation wodd appear between their respective height. 



To summarïze the data, table 6.4 gives a qualitative appreciation of the correlation be- 

tween the different variables. In this table, Very good means that the correlation is good 

to the level that one variable could be used to predict the other, Good and Reasonable, 

that a correlation is very 1ikelyAikely to exist, but not to a point of predictability, and 

None, that there is no clear sign that a correlation exists. 

6.3. Discussion 

A number of interesting observations can be made fkom the data in the preceding tables. 

On a generai level, when a correlation is said to be significant with a 90% level of confi- . 

dence, it only means that the probability that two completely independent randorn vari- 

ables give the sarne level o'f correlation is 10%. Thus, it establishes that the two vari- 

ables are Iinked together. However, udess the coefficient of correlation is close to one, 

the data points, when plotted on a graph, are not expected al1 to f d l  on a straight line. In 

other words, this means that the knowledge of one of the two variables is not suficient 

to predict the other one. 

The correiation between al1 variables describing the optical absorption is excellent, 

confirming the reproducibility of the measurements. The same situation is observed 

between the three variables associated with the liquid-crystal experiments, between the 

blow-up voltage and the blow-up power and also between the three variables descnbing 

the overstress tests. 

The application of an extemal electric field across the quantum wells located in the 

waveguide causes variations in both the refractive index and the absorption coefficient. 

These two quantities are related by the Kramers-Kfinig relationships [3 11. For this 

reason, a good correlation exists between absorption and V, Since the temperature rise 

is also closely related to the absorption in the waveguide, a good correlation should also 

be found there; this is confirmed by the analysis. One c ~ ~ 5 o u s  result is that these three 

quantities do not seem to be ciosely related to the blow-up voltage. If the instantaneous 



Table 6.4 - Qualitative Appreciation of the Correlation 

Variables Absorption I 
Absorption Very good 

Voltage 1 
Blow-up 
Voltage I Plone I 

r 

Reasonable Uncertain 

Overstress ReasonabIe 
Lifetime I 

Very good 1 None 1 Good 1 Reasonable 

II Phase-Shift 
Voltage 

Reasonable 

Blow-up 
Voltage 

Good 1 None 1 Uncertain 

Rerronable l - 1 Good 1 Reasonable 

Reasonable 

- 

None Reasonable None - 

Leakage 
Current 

Reasonable I l 

blow-up is a consequence of thermal runaway and is triggered by a large temperature 

nse, a clear correlation should exist here. This indicates that the instantaneous blow-up 

is a more complicated process, innuenced by a variety of factors. 

Overstress 
Lifetime 

The analysis also shows that the leakage current is linked in a ce& extent to other 

variables such as V, the blow-up voltage and possibly absorption. However, it is known 

within Norte1 that the leakage current is strongly influenced by the history of the device, 

that is, by previous measurements performed on it; the Leakage current can also vary 

significantly fiom one device to another. This behavior was observed during the ab- 

sorption measurements presented in chapter 4. Thus, one has to be very carefül when 

interpreting this quantity, and the correlation observed here is still uncertain. 

Finally, maybe the most interesting result of this study is that the performance of the 

waveguide devices in the overstress tests is correlated reasonably well to the absorption 

and the temperature rise. This indicates that high absorption could be associated with a 

reduction of the lifetime of the device under high stresses. There is also a probable 

correlation between lifetime and the blow-up voltage (although the coefficient is slightly 

under the 90%-confidence threshold): that is understandable and desirable, since both 

are believed to be indicators of the long-term reliability of the waveguide device. It is 



however not clear why a correlation should exist between the absorption in the 

waveguide and the lifetime in hi&-temperature and hi&-voltage conditions, where no 

light is coupled in the device. The answer to this is related to the details of the degrada- 

tion mechanisms occuming in the device, which are not ail Wly understood yet. 

At this point, although a possible correlation has been observed between the overstress 

lifetime and other variables, this correlation is not sficient and can not be used to 

screen out weak wafers, as far as the performance in high-stress conditions is concerned. 

There is enough variability in the data to indicate that a hi& absorption does not auto- 

matically involve poor performance in high-stress tests. The data does suggests however 

that one way of improving the performance under overstress and in instantaneous blow- 

up tests could be to modie the device design to reduce the absorption in the waveguide, 

or, equivalently, to reduce the temperature rise for a given current-voltage combination, 

in order to produce more robust and reliable devices. Unfortmately, one possible con- 

sequence is that a higher operating voltage would be required to achieve the sarne level 

of performance of the device (to achieve the sarne optical absorption in an electro- 

absorption dzvice, for example); the increase in intemal temperature during normal 

operation could then negate the improvement in reliability. Nonetheless, there is proba- 

bly stiU room for optimization. 

Conclusion 

This study has revealed that a clear correlation exists between the various electro-optic 

quantities, that is, the absorption coefficient and the voltage corresponding to a phase 

shift of n radian, and the temperature increase in the waveguide device. This correlation 

was expected, and this adds confidence to the present understanding of how light is 

absorbed as it travels dong the waveguide and how temperature increases localiy as a 

result of this. 



Device lifetime in high-stress conditions was also found to be correlated to the other 

variables in the study. The present data does not point to any screening process but 

indicates how to modify the design parameters to increase the resistance to high stresses 

and potentially the long-term reliability of the waveguide device. The number of wafers 

part of this study is too small to draw definite conclusions, and shodd be increased in 

the fùture to acquire a clearer view of the links that exist between the various quantities 

considered during this investigation. 



General Conclusion 

A separate conclusion has been included at the end of each chapter, which reviewed the 

principal hdù igs  of each set of experiments. The general conclusion presented here 

contains comments on this work fiom a more generd point of view. 

Over the course of this work, thermal issues in the waveguide device have been studied 

extensively, and are much better understood now. A number of interesting phenomena 

have been clarïfïed and described in detail, for example, thermal runaway and the ther- 

mal cross-talk between the laser and the waveguide device in the hybrid configuration. 

In that sense, this work has fulfilled its primary objective, that is, to improve the under- 

standing of thermal issues in the waveguide device. 

The liquid-crystal technique was demonstrated to constitute a valuable meam of study- 

h g  the temperature rise in the waveguide device. It has provided very valuable infor- 

mation, and is still used within Norte1 for various investigations at this moment. This 

technique met al1 the critena enumerated at the begianing of this document. The only 

problem encountered had to do with obtaining a thin and uniform layer of liquid crystal 

on the surface of the chip; the problem can be circurnvented by careful manipulation, so 

that the accuracy of the results does not suffer. Thermal modelling of the waveguide 

device was carried out in order to complement the information obtained fiom the liquid- 

crystal technique. Although the development of the model has been a slow process, its 

predictions were successfully validated by cornparison to the experimental data. The 

model predictions were found to be accurate and reliable in most cases (one exception 

being for conditions near the thermal runaway point). 



The mode1 and the liquid-crystal technique are two charactenzation tools, now consid- 

ered to be mature, and can serve in more complex investigations. One example has been 

presented in chapter 6, where various electro-optic quantities and the measured tem- 

perature rise in the waveguide device were compared to the results of instantaneous 

blow-up tests and long-term overstress tests. The results indicate that a link could exist 

between the performance under high electncal and thermal stresses and the absorption 

and the temperature rise measured in the waveguide. This andysis suggests design 

modifications that could help to improve the robustness of the waveguide device in high- 

stress conditions and potentially also its long-term reliability. 

As optical power continues to increase in optical fiber systems, thermal management in 

optoelectron..ic devices is becoming increasingly important. The trend towards increased 

integration of multiple devices on a comrnon substrate will only make the situation more 

critical. It is hoped that this work has helped to demonstrate the importance of thermal 

issues in optoelectronic devices, and that the research community and the industry will 

consider the tools developed here as a useful means of M e r  studying these issues. 
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Appendix A - Information on Liquid Crystals 

Manufactured by Merck (Gemany), now owning BDH (England) 

Re~orted Data 

Liquid CrystaI Melting Point Clearïng Point 
Designation ["Cl I"cl 

Notes; 
1) K18 was not used in experiments, because its clearing point is too low. 
2) K21 was most of the times Iiquid, but sometimes solid at room temperature; 

in that case, the warmth of a human hand holding the synnge was enough 
to melt it. 

3) The cleating point of N4 was found to change over long periods of tirne (weeks), 
when left in the syringe, down to about 70 C; the clearing point was rneasured 
every time this LC was used. 



Appendix B - List of Equipment 

Equiprnent Manufacturer Model 

CornDuter 
-> GFlB Card 

Sona Pentium 133 MHz 
National Instruments AT-GPIBiilT 

HPVee software Hewlett-Packard 

Uectrical Faui~ment 

Laser diode controller 
Digital rnultimeter 
Dual power suppiy 
Lightwave multirneter 
-> Sensor module 

Micropositioner controller 
Piezoelectric crystal voltage source 
TEC controlier 
Precision cuvent source 
Microscope larnp power suppiy 
GPIB cables 
Electrical wires 
Tunable laser 

IM Lightwave 
Keithley 
Xa ntrex 
Hewlett-Packard 
Hewlett-Packard 
Newport 
Physik Intrumente 
IM Lightwave 
ILX Lightwave 
Mitutoyo 

Hewlett-Packard 

High-magnification microscope Microview Canada 
-> Objectives, long working distance (4) Mitutoyo 
-a Lamp Mitutoyo 
Low-rnagnification microscope Titan 
Packaged laser diode Nortel 
Erbiumdoped-fiber amplifier Norte1 
Tapered fibers (2) Namiki 
Connectorized fibers 

Mechanical Eaui~ment 

Optical anti-vibration pneumatic table Melles Griot 
Piezoelectric crystals (3) Physik Inbumente 
Electro-striction actuators (3) Newport 
Fiber micro-positioner stages (2) LineTool Co. 
Probe micro-positioner stage Quater 
Large micro-positioner stage Opto Micron Ind. 
Magnetic bases (3) Newport 

HPVee Version 4.0 

LDC3722B 
196 
XTD20-3 
HP81 53A 
HP81531A 
ESA-C 
P-263 
LDT-5412 
LDX-3412 

Comment 

GPlBcontrolled 
GPlBcontrolled 
GPlBtontrolled 
GPlBcontrolled 

1435 - 15% nrn 

IOX (NA ), 20X (NA ), 4ûX (NA ), 60X (NA ) 

for LC application; x15 - x60 
A=1556nm 

070TC01111 
P.28210 
ESA-I 330-OPT-01 
J-LH, J-RH 3-axiç 
XYZ 500TIS 3-ais; for LC deposition 
Marv Fxl18 2-axis; under microscope 
M B-3 



Appendix C.1 - LC Data, Hybrid Large-Pad Devices 

VN1 
T I"C1 
... 
9 v - 

8 V - 

7V 

6 V - 

Note: 
Empty cells are due measurements that are either incorrect 
or impossible because of the limitations of the optical power available 



Appendix C.2 - LC Data, Discrete Large-Pad Devices 

Note; 
Empty cells are due measurements that are either incorrect 
or impossible because o f  the limitations o f  the optical power available 



Appendix C.3 - LC Data, Discrete Narrow-Electrode Devices 

6 V R2-1383 1 R2-1383 11 R2-1383 III - R2-1393 1 R2-1393 Il R2-1353 Ill R2-1393 N 
25.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
41.0 8.59 8.41 8.66 5.V 5.39 
58.2 
72.5 





Appendice C.4 - Averaged Temperature Rise on each Wafer 

Narrow-electrode Devices 

Large-Pad Devices, Wafer R2-1444 

9v Hybrid Discrete  
30.0 0.00 0.00 
42.0 3.40 4.55 
58.0 6.56 7.09 
74.0 8.01 9.1 7 

&Y Hybrid Discrete  
30.0 0.00 0.00 
42.0 4.01 5.36 
58.0 7.68 8.78 
74.0 9.66 1 1  -16 

7x Hybrïd D i s c r e t e  
30.0 0.00 0.00 
42.0 5.1 9 7.1 0 
58.0 10.18 11.98 
74.0 13.04 14.42 

6 V  - Hybrid Discrete  
30.0 0.00 0.00 
42.0 7.72 11.63 
58.0 1 5  18.19 
74.0 



Appendix D - Polynomial Coefficients Giving Absorption 

Notes: 
1 ) for a given voltage, 

2) a blank value means that a lower-order poiynomial is used; mat coefficient is then O. 

1 
l Predicted Absorption, R2-1444, 1544 nm 

O 'CO 150 200 250 

Tempemûire ('C) 



Appendix E - Heat Generation Calculation 

Large-Pad Device Model R2-1444,1544 nm TT. 

Lo = 5.03 mW V = 8.00 Volts 

x Ternp. alpha L dL dl dP d P/dV 
[ciml rcl [ m A 4  [mwl lmwl  Al [mwl CmW/~im'l 

0.0 50.2 5043.1 08 5.030 0.063 0.079 0.1 58 O. 086 
2.5 66.4 6466.200 4.967 0.080 0.1 00 0.1 99 O. 108 
5.0 64.6 61 92.754 4.887 0.075 0.094 0.375 O. 204 
7.5 64.0 5854.71 9 4.81 2 0.070 0.087 0.350 O. 190 
10.0 61.4 51 51 -238 4.742 0.121 0.1 51 0.603 O. 7 64 
15.0 56.5 4400.91 1 4.622 0.1 01 0.126 0.503 O. 737 
20.0 51.8 371 5.595 4.521 0.165 0.206 0.825 O. 172 
30.0 46.0 2976.364 4.356 0.252 0.31 5 1.259 O. 086 
50.0 38.8 2342.382 4.1 05 0.454 0.567 2.268 O. 0 62 
100.0 34.0 1 985.343 3.651 0.345 0.431 1.725 O. 047 
150.0 31.7 1834.381 3.306 0.398 0.498 1.992 0.039 
220.0 30.9 2.907 

Photocurrent 220 um: 6.007 mA 
Absorption 220 um: 23.92 dB 

N ates: 
1) Underlineci = input parameters 
2) Ifalic = Output Values 
3) Lo is the optical power entering the waveguide; V is the applied voltage 



Appendix F.1 - Modelling results for the hybrid large-pad device 

v 

M 

0.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 

7.0 
7.0 
7.0 
7.0 
7.0 
7.0 

7.5 
7.5 
7.5 
7.5 
7.5 

8.0 
8.0 
8.0 
8.0 
8.0 
8.0 

9.0 
9.0 
9.0 
9.0 
9.0 

8.0 
5.0 
7.5 

Notes: 

I Abs. Max. Ternp. in Pad 
MQW 
['Cl 

34.8 
39.8 
42.8 
46.7 
51 -7 
58.8 
727 
101.3 
> 300 

44.6 
51 -2 
60.1 
73.8 
105.9 
201 .O 
> 300 

50.8 
62.6 
81 -1 
119.5 
174.8 
> 300 

53.8 
68.9 
94.0 
lS9.O 
> 300 

56.9 
75.5 
108.5 
143.1 
236.0 
> 300 

64.4 
90.4 
146.6 
253.5 
> 300 

172.0 
78.3 
21 3.1 

Interface Surface 
... in Laser Joint Ternp. 

MQW 
["CI 

68.5 
68.6 
68.6 
68.7 
68.7 
68.8 
68.8 
68.9 

> 300 

68.6 
68.7 
68.7 
68.8 
68.9 
68.9 

> 300 

68.6 
68.7 
68.8 
68.9 
68.9 
> 300 

68 -6 
68.7 
68.8 
68.9 
> 300 

68.7 
68 -7 
68.8 
68.9 
68.9 
> 300 

68.7 
68.8 
68.9 
69.0 
> 300 

30.4 
30.3 
30.4 

Surface 
["Cl 

58.0 
58.1 
58-1 
58.2 
58.2 
58.3 
58.3 
58.3 

> 300 

58.1 
58.2 
58.2 
58.3 
58.4 
58.4 
> 300 

58.1 
58.2 
58.3 
58.4 
58.4 

> 300 

58.1 
58.2 
58.3 
58.4 

> 300 

58.2 
58.2 
58.3 
58.4 
58.4 

> 300 

58.2 
58.3 
58.4 
58.4 
> 300 

30.4 
30.3 
30.4 

MQW 
['Cl 

51 -7 
521 
523 
525 
528 
53.0 
53.3 
53.5 
> 300 

52.3 
525 
529 
53.2 
53.6 
53.9 
> 300 

524 
528 
53.2 
53.6 
53.9 
> 300 

525 
529 
53.3 
53.8 
> 300 

52.5 
53.0 
53.5 
53.7 
54.0 
> 300 

527 
53.2 
53.7 
54.1 
> 300 

32.1 
31.7 
32.1 

Joint Diff. 
MQW 
["Cl 

- 
0.4 
0.6 
0.8 
1.1 
1.3 
1.6 
1.8 

0.6 
0.8 
1.2 
1.5 
1 -9 
2.2 

0.7 
1.1 
1 -5 
1.9 
2.2 

0.8 
1 -2 
1.6 
21 

0.8 
1.3 
1 -8 
2.0 
2.3 

1 .O 
1 -5 
20 
2 4  

2.1 
1 -7 
21 

1) P(1as) is the eIectricaI power dissipated in the laser in the form of heat. 
2) Abs. is the waveguide absorption over the full length of the electrode (220 um). 
3) Interface refers to the Semiconductor 1 Gold interface- 
4) The joint is plane where the waveguide and the laser rneet together, 80 um away frorn the pad edge. 
5) BC Diff. is the temperature difference at the joint between the stated condition 

and the case where only the laser heating is present. 
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Appendix F.2 - Modelling results for the discrete large-pad device 

v 

M 

5.00 
5.00 
5-00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 

6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 

7.00 
7.00 
7.00 
7.00 
7.00 
7.00 

7.50 
7.50 
7.50 
7.50 
7.50 

8.00 
8.00 
8.00 
8.00 
8.00 

9.00 
9.00 
9.00 
9.00 
9.00 

8.00 
8.00 
8.00 
8.00 
8.00 
8.00 

potes: 

Abs. 

[dB1 

5.2 
5.5 
5.8 
6.3 
6.6 
7.1 
7.3 
7.7 
11.6 

12.9 
13.4 
14.0 
14.6 
15.3 
15.9 
18.1 

18.6 
19.4 
20.2 
21.2 
21 -8 
23.7 

20.9 
21 -7 
22.6 
23.8 
24.8 

23.0 
23.2 
25.0 
26.4 
28.1 

28.4 
29.3 
30.5 
31.5 
33.2 

23.0 
23.9 
24.9 
25.6 
26.4 
28.3 

M a -  Temp. in AP 
MQW 
L"C1 

34.5 
37.2 
40.3 
44.0 
49.5 
57.8 
63.3 
77.8 
> 300 

39.0 
44.9 
523 
63.1 
820 
106.8 
> 300 

44.4 
55.1 
70.7 
99.2 
130.0 
> 300 

47.2 
60.2 
80.8 
126.5 
208.3 

50.3 
66.6 
94.2 
1 71 -6 
> 300 

57.4 
80.7 
1 26.4 
189.1 
> 300 

50.3 
66.4 
93.4 
1 17.6 
166.7 
> 300 

Interface 

["Cl 

32.4 
33.8 
35.3 
37.0 
39.3 
423 
44.3 
48.1 
> 300 

34.3 
36.8 
39.9 
43.8 
49.6 
55.4 
> 300 

36.3 
40.5 
45.9 
53.7 
60.0 
> 300 

37.4 
42.2 
48.8 
59.3 
71 .O 

38.4 
44.2 
52.2 
66.7 
> 300 

40.8 
48.3 
59.4 
69.4 
> 300 

38.4 
44.1 
52.0 
57.6 
65.9 
> 300 

5 um means that the minimum size of the elements 
afong the ridge was extended from 2 5  to 5 pm 

Surface 
["Cl 

324 
33.7 
35.2 
36.9 
39.1 
421 
43.9 
47-6 
> 300 

342 
36.7 
39-7 
43.5 
49.0 
54.4 
> 300 

36.2 
40.2 
45.4 
528 
58.6 
> 300 

37.2 
41 -9 
48.2 
43.9 
68-4 

38.2 
43.7 
51-3 
64.7 
> 300 

40.5 
47-7 
58.0 
07.1 
> 300 

38.2 5 pm 
43.7 5pm 
51.2 5 pm 
56.4 5 pm 
W.0 5pm 
> 300 5 Pm 



Appendix F.3 - Modelling results for the narrow-electrode device 

v 

M 

4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 

5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 

6.00 
6.00 
6.00 
6.00 
6.00 
6.00 

7.00 
7.00 
7.00 
7.00 
7.00 

8.00 
8.00 
8.00 
8.00 
8.00 

9.00 
9.00 
9.00 
9.00 

8.00 
8-00 
8.00 
8.00 

Notes: 

Abs. 

3.4 
3.6 
3.7 
3.8 
3.9 
4.1 
4.2 
4.4 
4.5 
4.7 

10.9 
11.1 
1 1 -4 
11.8 
12.1 
12.5 
13.0 
13.8 
21.2 

30.5 
31 -1 
31 -6 
32.3 
33.1 
36.4 

43.9 
44.8 
45.7 
46.8 
49.0 

55.2 
56.2 
57.4 
59.0 
62.4 

70.7 
71 -7 
73.0 
75.9 

59.4 
60.5 
61 -8 
63.7 

Max. Temp. in AP 
MQW 
["Cl 

25.8 
26.7 
27.5 
28.5 
29.5 
30.6 
31 -6 
327 
34.1 
35.7 

26.8 
28.7 
30.8 
33.5 
36.7 
41.1 
47.7 
76.4 
> 300 

29 -7 
35.4 
42.6 
53.0 
72.3 

> 300 

32.8 
43.0 
57.8 
85.3 
224.9 

35.8 
50.7 
75.0 
138.5 
> 300 

39.7 
60.7 
98.7 

> 300 

41 -7 
58.4 
87.5 
177.3 

Interface Surface 

The heat sink temperature was set at 25°C for this device, 
otherwise stated. 



Appendix G - Required Correlation Coefficient 
for Signifiant Correlation 

S ize Level of  Confidence 
N 80% 90% 95% 99% 

Reference; 
P. R. Bevington, D. K, Robinson, Data Reduction and Error Analysis 
for the Physical Sciences, 2nd Edition, Mc-Graw-Hill, pp. 255-256 (1 992). 
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