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Résumé

Vers une utilisation des recuits transitoires dans la
technologie des photopiles à haut rendement

à base de silicium monocristallin

Le développement de l'industrie photovoltaïque a connu des progrès constants pendant les

seize années qui se sont écoulées depuis le premier choc pétrolier en 1973. Le prix du Watt crête est

passé de 20 $ en 1976 à 5 $ en 1986, et les évolutions récentes des photopiles laissent prévoir que

les prix vont être divisés par deux dans les cinq ans à venir.

Malgré ces progrès indéniables, l'électricité solaire n'a pas encore, essentiellement en raison d'un

coût encore trop élevé, pu entrer en compétition avec les sources d'énergies non-renouvelables tels

que le pétrole, le charbon ou le nucléaire. Plusieurs facteurs se sont conjugués pour freiner

l'évolution du marché du photovoltaïque. Premièrement, les prévisions des années 80, concernant

le développement des cellules solaires et des systèmes étaient nettement trop optimistes et

deuxièmement, le prix du pétrole s'est effondré et stabilisé à un niveau très bas. De plus, le

nucléaire a massivement remplacé le pétrole dans la plupart des pays industrialisés.

On a depuis effectué des calculs plus rigoureux du coût de l'énergie. En effet, les études les plus

récentes essaient d'intégrer les coûts sociaux des différentes sources d'énergie. Ces études

prévoient le début de l'introduction de l'électricité solaire dans le marché pour les années 2005 ou

2013, selon que l'on tienne compte ou que l'on néglige les coûts sociaux.

Aujourd'hui, deux stratégies sont principalement explorées pour la promotion de l'électricité

solaire. L'une consiste à développer des matériaux bon marché tel que le silicium amorphe et

polycristallin sous la forme de lingots-ou de rubans. Cette filière est accompagnée de techniques

simples d'amélioration des rendements de conversion des photopiles comme l'hydrogénation du

polycristallin. L'autre voie consiste à développer des cellules de haute performance à base de

silicium monocristallin. Cette approche est motivée par le fait que le prix d'une cellule solaire ne

représente qu'une certaine fraction du prix total d'une installation, étant donné qu'une grande partie

du coût est proportionnelle à la surface occupée par le système. D'où l'intérêt de produire des

cellules sophistiquées à rendement élevé même si le coût est élevé.

A l'heure actuelle, des rendements de conversion de 22 % sous un éclairement correspondant à un

soleil et de 27,5 % sous une lumière concentrée ont été obtenus.

La progression, ces dernières années, du rendement de conversion des cellules solaires à

base de silicium monocristallin a été obtenue essentiellement grâce à une meilleure compréhension
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des phénomènes de recombinaison dans les différentes parties de la photopile. On a réussi, d'une

part, à mieux cerner les mécanismes de recombinaison des porteurs minoritaires au niveau des

surfaces et, d'autre part, à améliorer la pureté des matériaux, de sorte que la longueur de diffusion
des porteurs minoritaires (Lf)) soit plus grande.

Un des remèdes pour limiter la recombinaison de surface consiste à faire croître thermiquement à

une température comprise entre 800 et 90O0C une couche d'oxyde mince (typiquement 100 À de
SiO2) qui peut s'étendre dans certains cas en dessous des contacts métalliques.

Les matériaux à grande durée de vie des photoporteurs exigent des techniques de fabrication qui
permettent de maintenir partiellement des valeurs élevées de LTJ tout au long des divers traitements

thermiques nécessaires à l'élaboration de la photopile.

Il existe des traitements thermiques transitoires qui répondent aux deux critères précédents de

diminution des recombinaisons de surface et de volume, qui opèrent, soit en régime adiabatique en

lumière cohérente (lasers), soit en régime isothermique de courte durée par recuit en lumière

incohérente (Rapid Thermal Processing, RTP). Ces techniques n'ont pas encore connu de succès

dans la fabrication des photopiles bien qu'elles aient été très largement étudiées et testées pour

l'industrie de la microélectronique dans la course à des circuits de plus en plus périls.

Le recuit laser, grâce à une fusion brève très superficielle du matériau, ne modifie pas les propriétés

de transport dans la base du matériau. Nous avons donc utilisé ce mode de recuit associé à

l'implantation ionique pour former la jonction, ainsi qu'une couche d'oxyde sous une atmosphère

d'oxygène dans un processus entièrement à froid pour le volume.

Nous avons choisi, pour nos études, un laser UV dont l'énergie est rapidement absorbée dans le

silicium, c'est-à-dire un laser puisé excimère ArF émettant à 193 nanometres.

Le recuit isothermique rapide travaille avec des masses thermiques réduites et des rampes de

températures importantes. Il peut contribuer efficacement à la diminution des recombinaisons de

surface en assurant la formation de couches d'oxyde de qualité supérieure aux oxydes thermiques

classiques tout en activant correctement un dopant implanté pour former la jonction.

Cependant, ce mode de recuit introduit des centres de recombinaison dans la base, de sorte qu'il

n'est pas utilisé pour les dispositifs, comme les photopiles ou les détecteurs nucléaires, qui

dépendent essentiellement de ce paramètre. Nous nous sommes donc intéressés à la nature de ces

centres de recombinaison et à leur élimination, afin d'étudier si cette technique peut s'appliquer à la

fabrication des cellules solaires.

L UTILISATION DE LA TECHNOLOGIE FROIDE

L'importance des paramètres de longueur de diffusion nous a amené à étudier la fabrication

des cellules solaires à l'aide du laser excimère, notamment pour !'activation d'un dopant

préalablement implanté et la formation d'une couche d'oxyde en vue d'une passivation de la
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surface. Ce type de laser a des avantages par rapport aux lasers Rubis et Nd-Yag, utilisés dans le

passé, tel qu'un faisceau plus homogène, plus large et une lumière moins cohérente.

1. Formation de la jonction

Nous avons étudié le recuit de jonctions implantées phosphore et arsenic par le laser

excimère. Il est possible d'obtenir des résistances superficielles très faibles dues à une bonne

activation du dopant qui peut dépasser la solubilité limite à l'équilibre thermique. Les profils de

dopage par SIMS (Secondary Ion Mass Spectroscopy) montrent que les jonctions sont minces, de

l'ordre de 1000 - 1500 À. Ceci est une conséquence directe de la faible pénétration de la lumière UV

dans le silicium (= 100 À). Nous avons déterminé, par la méthode RBS (Rutherford

Backscattering), le seuil de recristallisation, en fonction de l'épaisseur de la couche amorphisée. Les

énergies nécessaires à une bonne recristallisation sont plus faibles que celles nécessaires pour les

lasers émettant dans le visible en raison de la très forte absorption de la lumière.

Le problème majeur d'un recuit très superficiel est la persistance d'une zone de défauts résiduels de

"queue d'implantation" au delà de la zone fondue, plus importante que celle subsistant après une
irradiation par laser émettant dans le visible. Ceci se traduit par une tension en circuit ouvert Vco

faible. Un traitement thermique (au minimum de 60O0C) devient nécessaire avant ou après le recuit

excimère afin de guérir les défauts résiduels qui se situent dans la zone de charge d'espace qui est

une région très sensible de la cellule.

Un recuit thermique post-laser est d'autant plus indispensable que le laser lui-même introduit des

défauts. L'étude des défauts des lasers UV est très délicate, en raison d'une forte concentration de

ceux-ci en surface, qui rend difficile l'obtention de diodes Schottky pour leur caractérisation par

DLTS (Deep Level Transient Spectrometry).

2. Formation de l'oxyde

II existe deux régimes d'oxydation par laser, en phase solide ou en phase liquide, selon

qu'on se place en-dessous ou en-dessus du seuil de fusion de la surface. Le seuil de fusion peut-

être déterminé par une mesure de la réflectivité de surface pendant l'impulsion laser. Les oxydes

obtenus, nécessitant dans les deux cas un nombre de tirs assez important, ont été caractérisés par les

différentes techniques disponibles au laboratoire (Spectroscopie Infra-Rouge IR, RBS, SIMS) ou

en collaboration (Transmission Electron Microscopy, TEM). Les oxydes laser ont été

systématiquement comparés avec les oxydes thermiques classiques.

fl en résulte, qu'en phase liquide on peut obtenir des épaisseurs relativement élevées, mais avec une

modification de la structure sous-jacente (c'est-à-dire de la jonction). En phase solide, la structure

n+p reste intacte, mais l'oxyde n'atteint qu'une épaisseur voisine de 60 À, même après 105 tirs.
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Dans tous les cas, la surface devient plus rugueuse après un nombre élevé de tirs et l'oxydation

ressemble plutôt à une incorporation d'oxygène qu'à une vraie oxydation. De plus, une

caractérisation électrique n'est pas possible sur des couches aussi minces, de sorte que nous nous

sommes tournés vers l'étude des oxydes thermiques en four classique ou rapide.

II. UTILISATION DU RECUIT ISOTHERMIQUE RAPIDE

Avant une utilisation éventuelle de ce mode de recuit pour activer un dopant ou pour former

une couche d'oxyde, il faut maîtriser la création en volume de centres de recombinaison néfastes

pour les propriétés de transport des charges.

1. Etude des centres de recombinaison

Nous avons étudié les centres de recombinaison induits par le recuit rapide à l'aide d'une

technique, de caractérisation très fine, basée sur la mesure de la phototension de surface (Surface

Photovoltage, SPV) que nous avons installée au laboratoire. L'étude a été menée aussi bien sur le

silicium vierge que sur le silicium implanté.

De notre étude, il résulte que les centres responsables de la chute de la longueur de diffusion sont

des complexes impliquant des impuretés métalliques et des défauts ponctuels générés en volume ou

migrant à partir de la surface sous l'effet du recuit (probablement des lacunes). En effet, un recuit

sous atmosphère d'oxygène qui n'injecte que des interstitiels permet de conserver une valeur élevée
du paramètre LTJ.

Les impuretés métalliques sont soit résiduelles, dans le cas de matériaux de faible pureté, soit

implantées simultanément avec le dopant, en raison d'une pulvérisation d'éléments métalliques des

électrodes des implanteurs d'ions.

Le recuit rapide, qui est une véritable trempe thermique, sera nettement plus sensible à la présence

de ces impuretés métalliques que le recuit classique. Afin d'éviter cette contamination, nous avons

expérimenté l'implantation à travers des oxydes.

2. Activation de jonctions et formation d'oxyde

En ce qui concerne !'activation d'un dopant et la croissance de couches d'oxyde par recuit

rapide, il y a déjà une importante littérature qui s'accroît rapidement d'année en année. Ceci résulte

de l'intérêt porté par l'industrie de la microélectronique à ces deux sujets.

L'activation du dopant par recuit rapide peut se comparer très favorablement avec celle

obtenue par un recuit classique. La qualité des oxydes créés par le recuit rapide s'avère supérieure

aux oxydes thermiques classiques surtout en ce qui concerne les caractéristiques de l'interface Si-
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SiC>2 et la tension de claquage, de sorte qu'ils sont des candidats potentiels pour la grille des

structures MOS. Nos propres mesures concernant !'activation et Ia croissance d'oxyde confirment

ces résultats.

En résumé, nous avons démontré dans notre travail ;

- que la filière de réalisation d'une photopile entièrement à "froid" à l'aide d'un laser excimère bien

qu'elle soit parfaite pour le maintien de la longueur de diffusion des porteurs dans la base, se heurte

à diverses difficultés qui nécessitent un traitement thermique à une température voisine de 60O0C.

De plus, les couches d'oxyde obtenues par cette technique ne sont pas satisfaisantes sur le plan

électrique ;

- que les centres de recombinaison introduits par la filière à recuit rapide ne sont pas directement

reliés à la îrempe thermique, mais consécutifs à la présence d'impuretés métalliques. De ce fait, ils

peuvent être évités par un choix judicieux du matériau et d'une protection de surface lors de

l'implantation du dopant.

En conclusion, nous pensons que l'utilisation des recuits transitoires en régime adiabatique

(par laser) ou en régime isothermique rapide (four à lampes) sont deux voies possibles et

complémentaires pour la réalisation de photopiles à haut rendement.
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INTRODUCTION et MOTIVATION :
L'importance économique des photopiles à haut rendement

L'industrie photovoltaique a connu un développement constant pendant les seize années qui

se sont écoulées depuis la première crise pétrolière de 1973. Le prix du watt crête (c'est à dire

correspondant au maximum d'illumination) a diminué de 50 $ en 1974 à 5 $ en 1986 (Fig. 1) [1], et

les récentes évolutions laissent espérer que le prix sera divisé par deux dans les cinq ans à venir.

Malgré ces progrès indéniables, l'électricité solaire n'est pas encore compétitive par rapport aux

sources d'énergie non-renouvelables telles que le pétrole, le charbon ou le nucléaire, en raison du coût

encore trop élevé. De nombreuses raisons peuvent être évoquées pour expliquer le fait que les

objectifs annoncés il y a dix ans n'ont pas été atteints. La première d'entre elles, est la chute du prix

du pétrole et sa stabilisation à un niveau très bas. Le seconde concerne l'énergie nucléaire qui a été

massivement substituée au pétrole dans la plupart des pays industrialisés. En dernier lieu, les

prédictions avaient été dans l'ensemble beaucoup trop optimistes. WOLF [2] par exemple estimait en
1981 que des modules à 0.70 $/Wp pourraient être disponibles en 1986. Ceci ne met pas en cause la

qualité des scientifiques qui ont effectué ces calculs, mais confirme que l'économie est une science

presque exacte avec un paramètre irrationnel: l'homme. D'ailleurs, ces prédictions optimistes sont

toujours de mise. En effet HAMAKAWA [1] annonce le kilowatt heure solaire à 8 cents pour 1995 ce

qui le rend très compétitif par rapport au prix du kWh des sources d'électricité conventionnelles qui

est de l'ordre de 3 - 35 cents. Un rendez-vous à ne pas manquer...

Des calculs plus rigoureux du coût de l'énergie, ont été effectués récemment [3] qui tentent

d'inclure dans les modèles le coût de l'impact sur la société des différentes sources d'énergie. Ceux-ci

prédisent une importante pénétration du marché pour l'électricité solaire en 2005 ou 2015 selon que

des décisions politiques seront ou non adoptées en faveur d'une prise en compte des répercutions sur

la société des différents modes de production de l'électricité (Fig. 2). Les calculs de l'étude précédente

ont été effectués avec beaucoup de prudence en n'y incluant que les coûts des répercutions externes

pouvant être évaluées avec précision. A la lumière de ce que nous venons de dire, nous devons donc

être très prudent vis à vis de ces projections dans le futur. Cependant, elles confirment toutes que des

actions politiques doivent accompagner la progression de l'industrie photovoltaique afin d'accélérer

l'introduction de l'électricité solaire dans le marché de l'énergie.

Pour le moment, deux voies sont principalement explorées pour la production de l'électricité

photovoltaique. La première est orientée vers une utilisation de matériaux peu coûteux à base de

silicium amorphe ou polycristallin (en lingot ou en ruban) et est accompagnée par des techniques

simples d'amélioration du rendement de conversion des dispositifs incluant l'hydrogénation et la
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purification par effet getter. La deuxième stratégie fait appel aux cellules à haut rendement (avec ou

sans concentration) à base de silicium monccristallin. Cette approche est motivée par le fait que le prix

de la photopile ne représente qu'une fraction du coût total d'installation qui est proportionel à la la

surface occupée par le système et inversement proportionel au rendement de conversion. De ces

considérations, il ressort que la production de cellules sophistiquées peut être économiquement

intéressante même si le coût de la photopile est élevée. Nous avons représenté sur la Fig. 3 une filière

typique d'élaboration des photopiles en y indiquant le prix de chaque étape. La Fig. 4 donne la

repartition des coûts des différents constituants d'un système photovoltaique.

Dans ce qui suit nous donnerons quelques arguments économiques afin de justifier l'effort

consacré aux cellules à haut rendement et non dans le but d'en calculer effectivement le prix. En

première approximation nous pouvons considérer que le prix total d'installation d'un module de 1 m^

est égal à la somme du prix du module et du coût d'installation (interconnexions, supports, etc...) qui

est relié à la notion de surface occupée ARBOS COSTS (Area Related Balance of System Costs).

Prix total=Prix du module + ARBOS

C-T[H =
Y

M H

II
MpTjP

(1)

où

1

prix relatif à la surface occupée

prix du module

prix du Watt crête
rendement du module

puissance incidente maximale (

ensoleillement annuel par m^

prix du kWh produit par l'installation
facteur obscur qui contient tous les paramètres économiques et

que les physiciens préfèrent négliger.

Il y a deux façons d'interpréter cette formule. La première permet de fixer un prix acceptable

pour le module d'un rendement de conversion donné afin d'obtenir un prix raisonnable du kWh (Fig.

5a). Si le prix I relatif à la surface occupée (ARBOS) est comparable au prix du module (cas A) nous

constatons que le prix d'un module de 20 % de rendement de conversion ne doit pas dépasser cinq

M [$/m2]

Mp[$/Wp]

TJ
P [W/m2]

H [kWh/a.m2]

c [S/kWh]

~ ]
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fois le prix d'un module de rendement moitié si l'on veut conserver le prix du kWh. Par contre, si le

coût I est négligeable par rapport à celui du module (cas B) l'écart de prix ne doit pas excéder un

facteur deux. Une autre façon de représenter les coûts est de déterminer l'évolution du Watt crête en

fonction du rendement de conversion pour un prix donné de l'énergie (Fig. 5b). En définitive, la

formule (1) peut être écrite de la façon suivante :

Mp/fcH —
I Y

(2)

II est clair que si le coût I est faible, Mp devient indépendant du rendement, de sorte que Mp ainsi que

le prix de l'énergie serait le même pour deux panneaux l'un médiocre (10 %) et l'autre excellent (20

%). Ceci ne serait pas en faveur du développement des cellules à haut rendement pour les applications

terrestres en raison d'une technologie sophistiquée et coûteuse qui n'est acceptable pour l'instant que

pour les applications spatiales où le prix ne compte pas.
Cependant, si le prix I est plus élevé, Mp dépend de plus en plus du rendement de conversion dans la

plage des 10 à 20 %. Fîg. 6 a-c donne les mêmes informations que la figure 5a-b mais d'une façon

plus détaillée et plus sophistiquée.

De telles considérations font planer un certain doute sur l'intérêt de poursuivre des recherches dans le

domaine du haut rendement [2]. Tout dépend donc de l'évolution future du rapport entre le prix de

l'installation et du panneau.

Cependant, en se référant au cas de la conversion thermique de l'énergie solaire, pour laquelle

le coût de l'installation n'a jamais pu être réduit significativement en raison d'un technologie certes

éprouvée mais relativement ancienne, il est fort probable que les coûts évoluerons plus rapidement

pour une technique récente telle que celle des photopiles en diminuant plus rapidement la part des

cellules et du module que la part relative à l'installation dans le coût total. Pour l'instant, le prix des

modules est encore trop élevé et les calculs montrent que les photopiles à haut rendement doivent être

produits à une plus grande échelle (Fig. 7) [6]. Compte tenu de ce que nous avons dit plus haut,

l'impact des cellules à haut rendement ne sera perceptible qu'après une réduction significative du prix

des modules. En effet, en se référant aux lois de production de masse de l'industrie de la

microélectronique [7] tout doublement de la production entraînera une réduction des coûts de

production d'un certain pourcentage Z (par exemple 25 %). Dans la formule :



k = l I +
2 T1 + ïôôJ (3)

où kj, est le prix unitaire initial, k le prix final après m doublements de la production, cela signifie

qu'une augmentation "raisonnable" de la production de 1 à 35 MWc/an peut faire baisser le prix d'un

facteur supérieur à trois [4] de sorte que les photopiles à haut rendement rentrent dans une plage de

prix de plus en plus attractive. Cette augmentation peut être qualifiée de très "raisonnable" si on la

compare à la consommation totale d'énergie d'un pays industrialisé comme la France. Par contre, la

valeur initiale choisie (1 MWc/an) est déjà supérieure à la production annuelle du plus important

fabricant européen de photopiles (Photowatt, France) qui a été en 1989 de l'ordre de 0,8 MWc.

Dans le chapitre I suivant, nous présenterons quelques aspects théoriques des cellules à haut

rendement ainsi que les différentes approches technologiques qui ont été utilisées afin d'atteindre un

rendement élevé. Le point le plus important commun à toutes les structures est la présence d'une fine

couche d'oxyde de passivation de surface. Le rôle de celle-ci est détaillée en fin de chapitre. Certaines

structures ont utilisé des techniques thermiques transitoires qui seront décrites dans le chapitre ïï.

Les deux derniers chapitres sont consacrés à nos résultais concernant l'utilisation du laser excimère et

du recuit isothermique rapide. Leurs avantages et limitations sont résumés dans la conclusion avec nos
projets pour le futur.



Xl

CONCLUSION et PERSPECTIVES

Ce travail a été consacré aux différentes possibilités d'application des techniques transitoires

dans les technologies des photopiles à haut rendement et plus particulièrement à la formation de la

jonction de la cellule et à la passivation éventuelle de la surface.

Deux voies ont été explorées. La première consiste à utiliser une procédure entièrement froide de

recuit par laser excimère ArF qui n'échauffe pas le reste du matériau. La seconde, par contre, est

basée sur un processus isothermique de recuit rapide (RTP) qui a été jugé très intéressant par

l'industrie microélectronique car il peut avantageusement remplacer les traitements thermiques

classiques. Ces deux approches ont été testées et appliquées à la formation d'une couche de

passivation de surface.

Le laser excimère a de nombreux avantages par rapport aux anciens lasers solides (Rubis et

Nd-YAG). Des jonctions très minces et fortement dopées peuvent être obtenues grâce à une

meilleure uniformité du faisceau et une plus faible pénétration de la lumière UV. Il peut, de plus,

lorsqu'il est associé à l'implantation ionique, contrôler un niveau de dopage ou une valeur de

résistance superficielle. Cependant, cette technique souffre du fait qu'elle laisse des défauts

d'implantation au delà de la zone fondue (qu'on appelle queue d'implantation). Ceux-ci, localisés

dans la zone de charge d'espace et au-delà, augmentent le courant de saturation et réduisent la

tension en circuit ouvert. De plus, le recuit laser par lui-même engendre des défauts consécutifs au

retour rapide du front de fusion qui contribuent également à un niveau moindre à l'augmentation du

courant de saturation. Tous ces défauts nécessitent un post-recuit à une température moyenne (500-

70O0Q.

Afin de former une couche de passivation de surface, le laser excimère a été tour à tour utilisé

en phase liquide (c'est-à-dire avec fusion de la zone superficielle) et en phase solide (c'est-à-dire

lorsque Ia température de surface est inférieure à la température de fusion).

En phase liquide, il est possible de faire croître une couche épaisse d'oxyde en jouant sur le

nombre de tirs (10^-10^) mais en dégradant la surface et en redistribuant fortement le dopant. De

plus, Ia qualité structurelle et électrique de cette couche est relativement médiocre.

En phase solide, on ne peut obtenir en un temps raisonnable, qu'une couche très mince

(< 40 A) sur du silicium vierge. Le niveau de dopage augmente un peu la vitesse de croissance de

l'oxyde mais uniquement pour des valeurs beaucoup plus élevées que celles nécessaires au dopage
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d'une photopile. De plus, comme le laser est un processus séquentiel, la cadence de répétition des

tirs devient importante. Pour notre laser, avec un faisceau relativement petit, il faudrait plus de 200

heures pour oxyder un échantillon de 10 x 10 cm2. Il existe des lasers à spot plus large mais qui ne

résoudront pas le problème lié à la faible épaisseur de la couche. Une oxydation à une température

de substrat plus élevée (= 40O0C) nous semble plus prometteuse.

Notre seconde approche concernant le recuit isothermique rapide a un inconvénient

considérable qui est l'introduction de centres de recombinaison qui dégradent fortement la longueur

de diffusion des porteurs minoritaires dans la base d'une cellule solaire. Nos travaux, sur silicium

monocristallin, nous ont permis de montrer que les centres de recombinaison étaient liés aux

impuretés métalliques pouvant être présentes sous forme de traces dans le matériau vierge.

Le recuit rapide apparaît comme étant beaucoup plus efficace que le recuit thermique classique pour

!'activation de ces impuretés.

En ce qui concerne les matériaux implantés, les impuretés sont co-implantées par une

pulvérisation de certaines pièces métalliques (électrodes et diaphragmes) des implanteurs après la

sélection de masse. Nous avons évalué que cette contamination pouvait atteindre 0,5 à 1 % de la

dose totale. L'association du recuit rapide avec une mesure de la durée de vie ou de la longueur de

diffusion s'est révélée très efficace pour la détection de la contamination par les métaux.

Par la suite, nos études expérimentales suggèrent que les centres de recombinaison relatifs au recuit

rapide sont des défauts complexes incluant des impuretés métalliques et des défauts ponctuels. De

plus, les surfaces, par leur présence et leur état, influencent considérablement la formation et la

redistribution des centres de recombinaison.

Si le problème des défauts induits par le recuit rapide peut être résolu, cette technique pourra

enfin bénéficier de ses avantages, à savoir une bonne qualité d'oxydes pour la passivation de

surface et une grande souplesse d'utilisation.

Nos travaux ont laissé quelques problèmes, liés aux centres de recombinaison induits par

recuit rapide, sans réponse. En premier lieu, la participation éventuelle des défauts ponctuels dans la

formation de ces centres doit être clarifiée. Nous pensons que la clé du mécanisme de formation de

ces centres est liée à la compréhension des résultats contradictoires obtenus par la technique DLTS

(Deep Level Transient Spectroscopy). Une bonne corrélation entre les mesures de longueur de
diffusion et de DLTS doit être effectuée.
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En dernier lieu, la question relative à !'activation inhomogène des défauts par recuit rapide suite à un

effet Getter reste ouverte. Ces deux premiers problèmes sont en cours d'étude et des résultats

positifs ont été obtenus pour des échantillons volontairement contaminés par de l'or.

Le dernier problème concerne un aspect plus pratique. Nous avons montré que les défauts induits

par recuit rapide peuvent être fortement réduits dans les échantillons implantés si cette opération est

effectuée à travers un oxyde. Cependant, ceci rajoute une étape au processus. Il serait donc

préférable de réduire la contamination à la source, c'est-à-dire lors de l'implantation (en utilisant des

diaphragmes en graphite). Une réduction de la dose co-implantée d'un facteur 100 est nécessaire si

l'on veut obtenir les mêmes résultats que sur le vierge. Les implanteurs les plus récents peuvent

répondre à cet objectif. Une solution alternative peut être l'introduction du dopant par pulvérisation

avec une source liquide ou gazeuse de haute pureté.

En conclusion, nous pensons que notre seconde approche offre plus d'avantages potentiels

pour les photopiles (massives ou en couches minces) à base de silicium que la première option.

Cependant, une association des avantages des deux techniques nous semble réalisable.
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Summary

Towards a utilisation of transient processing
in the technology of high efficiency silicon solar cells

The development of the photovoltaic industry has known constant progress during the

sixteen years that have passed since the first oil crisis in 1973. The price of one peak watt has

dropped from 20 $ in 1976 to S $ in 1986, and recent evolutions in the technology of solar cells

give rise to the hope that the prices will be divided by a factor of two in the next five years.

Despite this incontestable progress solar electricity has not been able to compete with non-

renewable energy sources such as oil, carbon and nuclear energy, essentially due to its elevated

cost. Several factors are responsible for the slow introduction of solar electricity into the market.

Fh-st, the predictions made at the beginning of the eighties concerning the development of solar

cells and systems have been far too optimistic. Second, the oil price has dropped to a very low

level. Moreover, nuclear power has been massively substituted to oil in most industrialized

countries.

Meanwhile, more rigorous calculations of the real cost of energy production have been effected.

Recent studies try to integrate social costs of the different energy sources into price calculations.

Those studies foresee the introduction of solar electricity into the market for the years 2005 and

2013 respectively if one takes or does not take into account the social costs.

Today two strategies are explored to promote solar energy. The first consists in

developping cheap materials such as amorphous silicon or polycrystalline silicon in form of

ingots or ribbons. This first approach is accompagnied by simple techniques to ameliorate the

conversion efficiency of the solar cells such as the hydrogénation of polycrystalline material. The

second strategy puts the accent on high efficiency solar cells on the base of monocrystalline

material. This approach is motivated by the fact that the price of a solar cell presents only a

certain fraction of the total system costs. In fact, a large pan of the costs is proportional to the

surface occupied by the system and hence, inversely proportional to the efficiency. It is in this

observation that resides the interest of producing sophisticated high-efficieny solar cells even if

their production cost is elevated.

Up to now, conversion efficiencies up to 22 % under one sun and efficiencies up to 27.5 %

under concentrated light have been achieved on monocrystalline silicon.
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The progress of solar cell conversion efficiency in recent years has been obtained

essentially due to a better understanding of recombination phenomena in the different parts of the

solar cell. On one hand, the mechanism for the recombination of minority carriers at the surface

has been understood, and, on the other hand, the purity of the starting material has been greatly
improved so that much longer minority carrier diffusion lengths (Lrj) could be obtained.

One of the remedies for limiting surface recombination consists in a thin thermal oxide layer
(typically 100 A of SiO2) which is grown at a temperature of 800 - 90O0C and which, in certain

cases extends below the metal contacts of the solar cell.

The materials with high minority carrier lifetimes demand fabrication techniques which allow to
maintain partially the high values of Lj) during subsequent processing steps.

There exist several transient techniques which correspond to the preceding criteria of reduced

recombination at the surface and in the volume, and which operate either in an adiabatic regime

with coherent light (lasers) or in an isothermal short-duration regime with incoherent light (Rapid

Thermal Processing, RTP). These techniques have yet not known success in the fabrication of

solar cells although they have been widely tested for the microelectronic industry in its course to

an evergrowing integration of circuits.

Laser processing induces only a short superficial melting of the material and does not modify the

transport properties in the base of the material. We employed this mode of processing associated

to ion implantation to form the junction as well as an oxide layer in an atmosphere of oxygen.

The volume was left entirely cold in this process. We have chosen for these studies an ultraviolet

laser (an ArF pulsed excimer laser working at 193nm), the energy of which is rapidly absorbed

in silicon.

Rapid isothermal processing is characterized by reduced thermal masses and steep temperature

ramps. It can effectively contribute to reduce surface recombination by the formation of oxide

layers with a quality superior to classical thermal oxides. The dopant is equally well activated

with RTP. This mode of processing, however, introduces recombination centers in the base and

makes it inapplicable for devices as solar cells or nuclear detectors, whose performance relies

essentially on this parameter. We have studied the nature of the recombination centers and ways

to eliminate them with the aim to test whether this technique can be employed for solar cells.

I. UTILISATION OF A COLD TECHNOLOGY

The importance of the parameter "diffusion length" motivated us to study the

fabrication of solar cells by means of an excimer laser, especially for the activation of implanted

dopant and the formation of an oxide layer, the latter for an eventual application as a surface

passivating layer. This type of laser has considerable advantages in comparison with ruby or Nd-

Yag laser which have been used in the past. The beam is more homogeneous and larger, and the

light is less coherent
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1. Junction formation

We have studied the annealing of phosphorus and arsenic implanted junctions by

means of the excimer laser. It is possible to obtain junctions with a very low sheet resistance due

to a very high degree of dopant activation which can exceed the limit solubility in thermal

equilibrium. The profiles obtained by SIMS (Secondary Ion Mass Spectrometry) show that

shallow junctions of about 1000 - 1500 A are formed. This is a direct consequence of the small

penetration length for UV light in silicon (= 100 A). By RBS analysis (Rutherford

Backscattering) we have determined the recrystallisation threshold as a function of the

amorphous layer thickness. The energy necessary to well recrystallize an amorphous layer is

inferior to that of the lasers which emit in the visible due to the strong absorption of UV light.

The major problem related to this kind of superficial annealing is the persistance of a zone with

residual defects, an implantation tail, which extends beyond the molten layer. This zone is more

important for UV lasers and induces a low open circuit voltage. A thermal treatment of at least

60O0C becomes necessary before or after the excimer laser annealing in order to anneal those

residual defects which are located in the space charge layer which is a very sensitive region of the

cell.

A thermal post-laser treatment becomes indispensable, anyhow, as the laser itself introduces

defects. The study of UV laser-induced defects is quite delicate due to their strong concentration

close to the surface which makes it difficult to obtain Schottky diodes for their characterization

by means of DLTS (Deep Level Transient Spectroscopy).

2. Oxide formation

Two regimes can be observed in laser-induced oxidation, one is the solid-phase

regime, the other the liquid-phase regime, depending on whether one works below or above the

melting threshold. This threshold can be determined by a measure of the time resolved

reflectivity of the silicon during the laser pulse. Both kind of oxides are obtained with a high

number of laser shots. They have been characterized by the techniques which we dispose at the

laboratory (Infrared Spectrometry IR, RBS, SIMS) or in collaboration (Transmission Electron

Microscopy TEM). The laser-induced oxides have been systematically compared to classical

thermal oxides.

In liquid-phase it is possible to obtain considerable thicknesses but at the price of a modification

of underlying structure, e. g. a junction. In solid-phase oxidation the junction stays intact but the

oxide thickness does not exceed 60 A even after 105 shots.

Moreover, in the liquid-phase regime the surface becomes very rough after an important number

of shots, and the process resembles more to an oxygen incorporation than to a controlled
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oxidation. As a consequence, an electrical characterization was not possible. The solid-phase

oxides, moreover, were to thin to be correctly characterized. Thus, we centered our interest on

classical thermal oxides and on rapid oxidation.

H. UTILISATION OF RAPID ISOTHERMAL PROCESSING

Before an eventual utilisation of this processing mode for junction activation or for

oxidation one has to understand the creation of recombination centers in the volume which

degrade the minority carrier transport properties of the material.

1. The study of the recombination centers

We have studied the RTF-induced recombination centers by means of the very

sensitive Surface Photovoltage (SPV) technique which we have installed in our laboratory. The

study was carried out on virgin silicon as well as implanted silicon.

It results from our study that the defects which are responsible for the degradation of the minority

carrier diffusion length are complexes involving metal impurities as well as point defects which

are generated in the volume or injected from the surface (probably vacancies). Annealing in an
atmospere of oxygen allows to conserve a higher LQ.

The metal impurities are either residual in the case of a low purity material or simultaneously

implanted with the dopant as a consequence of sputtering on metallic parts of the implantation

system.

The RTP with its fast quenching step is much more sensitive to the presence of these metallic

impurities than the classical thermal treatment. We have studied the possibility to avoid this

contamination by implanting through an oxide.

2. Junction activation and oxide formation

There is already a widespread literature concerning junction activation and oxide

growth by means of RTP which is still increasing every year. This is due to the interest that the

microelectronic industry has shown for these techniques. The dopant activation by rapid

thermal processing compares very favorably to that obtained in classical thermal treatment. The

quality of the oxides is, in some aspects, superior to classical thermal oxides especially in what
concerns the Si-SiO2 interface characteristics and the breakdown voltage. These properties make

the oxide a candidate for the gate oxide in MOS structures. Our own measurements concerning

activation and oxide growth confirm these results. Hence , the RTP-grown oxides are also

candidates for surface passivating layers.
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In summary we have shown in our work:

- that an entirely cold process of solar cell fabrication by means of an excimer laser encounteres

several difficulties which imply a thermal treatment at a temperature around 60O0C although this

technique perfectly maintains the minority carrier diffusion length. The oxides obtained in this

way are not satisfying for an application as passivating layers;

- that 'he RTP induced recombination centers are not directly related to the quenching step but a

consequence of the presence of metal impurities. From this fact it follows that they can be

avoided by properly choosing the material and by protecting the surface during an implantation

with an oxide.

In conclusion, we believe that the utilisation of transient processing in the adiabatic

regime (laser) and in the rapid isothermal regime (RTP) are possible as two complementary

techniques for the realization of high efficiency solar cells.
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INTRODUCTION and MOTIVATION :
The economic importance of high efficiency solar cells

The development of the photovoltaic industry has made constant progress during the

sixteen years that have passed since the first oil crisis in 1973. The price of one peak watt Wp

(output at maximum insolation level) has dropped from 50 $ in 1974 to S $ in 1986 (Fig. 1)

[1], and recent evolutions give rise to the hope that the prices will be divided by a factor of two

in the next five years.

Despite this undeniable progress, solar electricity has not yet entered competition with

non-renewable energy sources such as oil, carbon or nuclear energy, essentially due to its high

cost Several factors may be accused to explain, why the goals announced ten years ago have

not been attained. First of all, the oil price has collapsed and could be stabilized only on a very

low level. Moreover, nuclear energy has massively been substituted to oil in most industrialized

countries. And last but not least, the predictions of that time have been far too optmistic. WOLF

[2], for example, estimated in 1981 that modules with 0.70 $/Wp would be available in 1986.

Those predictions do not cast doubt on the scientific qualities of the person who made them -

errare humanum est - but it proves that economicis is almost an exact science with one irrational

element : the human being. For the rest, those optimistic predictions continue up to our days.

HAMAKAWA [1] sees the price for one kilowatt hour of solar electricity at eight cents in 1995

compared to 3-35 cents/kWh of conventional electricity. A rendez-vous which should not be

missed ...

Recently, very conscious people [3] have effected rigorous calculations of energy costs

that try to integrate the social costs of various energy sources into model calculations. Those

studies predict an important introduction of solar electricity into the market for the years 2005 or

2013, depending on whether or not political decisions take into account the social costs of

energy production (Fig. 2). The calculations in this study have been effected on a conservative

base, i.e. the author did not take into account social costs that could not be evaluated with a

certain precision. In the light of what we said before, one has to be careful with all these

projections into the future. Nevertheless, the study clearly demonstrates that, besides a constant

progress in solar eel! development, political action is necessary, in order to accelerate the

introduction of solar electricity.

At the moment, two strategies are principally explored for the promotion of solar

electricity. The first concentrates on cheap materials such as amorphous silicon or

14
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Figure O.l.Ticnds in the development of the peak watt price and solar cell production

volume. Note the decrease of the curves since 1984. mostly in the United States. The Japanese

production was centered on amorphous silicon and ihin film cells. The projections into the

future should be regarded with some précaution [I].



Figure 0.2.The influence of external effects (social costs) on the starting point of market

penetration of decentralized photovoltaic systems and the future penetration to the year 2040

(1982 prices) [31. Note that 100 % does not mean the whole electricity market but a potential of

20 TWh/year which should be accessible for solar electricity in the FRG for which the study

has been established. Compare this figure to the total annual consumption of electricity in the

FRG : 374TWh7ycarin 1982.

Three cases are considered where external costs are not, to a small or to a high degree,

incorporated into cost calculations. The three cases are compared to the projections for price

reductions in photovoltaic electricity.

(a) costs for photovoltaic electricity compared to the costs of substituted electricity.

(b) market penetration of photovoltaic solar energy based on costs shown above.

(c) magnification of (a) showing the exact intersections of the cost curves.



polycrystalline silicon (ingots or ribbons), and is accompanied by simple techniques such as

hydrogénation of polycrystalline material or getter techniques in order to improve the

conversion efficiency. The second strategy focuses on high efficiency (one sun or concentrator)

solar cells on the basis of monocrystalline silicon. This approach is motivated by the fact that

the cell costs represent only a certain fraction of the total installation costs, whereas a good deal

of the costs are proportional to the surface occupied by the system and, hence, inversely

proportional to the efficiency. From these arguments it comes out that it could be economically

interesting to produce sophisticated solar cells even if their individual cost is high. In Fig. 3 a

typical solar cell manufacturing process is listed with the prices for each step. Fig. 4 shows

how the costs are typically distributed amongst the different parts of a system containing solar

cells.

The following considerations should help to expose the basic ideas thpf motivate high

efficiency solar cells. The arguments are very crude and do not aim to esta c -• .Dative

guidelines for practical price calculations, but they help to understand more easily basic trends.

Let us consider one square meter of an installed module. In a very simple approximation, we

can say that the total costs are composed of the costs for the module and the costs for

installation (interconnection of modules, supports, etc...) which are area related (the so-called

Area Related Balance of System Costs = ARBOS costs), Le.

Total costs = Module costs + ARBOS costs

C-T]H= M + I
Y Il

MpT(P

(1)

where

I [$/m2] = area related costs

M [$/m2] = module costs

Mp[$/Wp] = price of one peak watt

T| = module efficiency

P[W/m2] = maximum incident power (= 1000 W/m2)

H [kWh/a.m2] = solar irradiation per year and per m2

c [$/kWh] = price of the electricity produced by the installation

Yfa'l] = some obscure factor that contains all the economical

calculations that physiciens do not like and do not understand.



There are two ways to look at this formula. First, we could wonder what module costs may be

acceptable for a given efficiency to obtain a certain energy price per kilowatt hour (Rg. 5a). If
the ARBOS costs I are comparable to the module prices (case A) we see that the prices for a 20
% efficient module may be five times the prices for a 10 % module in order to obtain the same

price for one kilowatt hour. On the other hand, if I is negligible against the module costs (case

B) only a factor of two can be expected.
Another stand-point is to ask for the costs per peak watt as a function of efficiency that we can

allow for some given energy price (Fig. 5b). To that end, we note formula (1) in the following

way:

Mp/fcH — /PÏ=1- — - - — (2)
V Y J T\

It is clear that if I is very small then Mp is essentially independent of the efficiency, which

means that Mp should be the same for a mediocre module of 10 % and an excellent 20 %
-module in order to produce the energy at the same price. This would not be very favourable for
a development of high efficiency cells for terrestrial applications with its high research and

production costs which are only acceptable for space applications where the price does not

matter. On the contrary, when I is of sufficient magnitude then Mp has a pronounced
dependence on efficiency in the 10-20 % range.

Fig. 6a-c show the same information as Fig. Sa, b with more sophisticated arguments and

(perhaps) more realistic figures.
From these considerations a certain dilemma comes out for the development of high efficiency

solar cells and modules [2]. Everything depends on the future relation of area related to module

costs. Nevertheless, the experience made in other areas (e.g. the thermal conversion of sun

light) has shown that the first costs cannot be reduced considerably as they imply old

techniques mat have been improved for a long time, and not new techniques as the fabrication

of solar cells. So it seems more probable, at the moment, that the costs will evolve in favour of

high efficiency solar cells by reducing further on the cell and the module prices.

To the moment, modules are much too expensive, and calculations show that high
efficiency solar cells should be supported by a higher production rate (Fig. 7) [6]. In the light

of the above presented ideas, the advantage of high efficiency cells has its full impact when

module prices continue to drop further on. It is known from the production of integrated

circuits that semiconductor devices obey a law of mass production, the so-called "learning

curve" [T]. This law states that each doubling in production volume lowers the price of one

18
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production unit by a typical percentage, let us say Z = 25 %. In formula :

(3)

where Ic0 is the initial price of one unit, k its final price after m doublings of the production.

This means that even a modest production increase from 1 MWp/year to 35 MWp/year could

lower prices by more than a factor of three [4] entering thus the range where high efficiency

cells become increasingly interesting. The word "modest" refers here to the share of the total

energy consumption of an industrialized country as France that constitute 35 MWp/year, and

not to the initiai production of 1 MWp/year which is actually the order of magnitude produced

by Photowatt (France), the greatest European solar cell manufacturer.

In conclusion, two factors are important in the development of high efficiency solar cells :

module prices which continue to drop and area related costs that do not decrease in the same

proportion.

In the following first chapter we will present some aspects in the theoretical background

of high efficiency cells, and the various approaches that have been used to achieve a high

conversion efficiency. The most striking feature common to all the various high efficiency cells

is surface passivation by means of thin silicon dioxide layers. This aspect is considered in detail

in the last part of chapter I. Some of the high efficiency approaches have employed transient

methods described in chapter II. The two following chapters are consecrated to our own
investigations on excimer laser and rapid isothermal processing, the conclusions of which will

be finally presented with some propositions for future work.
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Chapter I

SOME ASPECTS OF HIGH EFFICIENCY SOLAR CELLS

Résumé du Chapitre I

La progression, ces dernières années, du rendement de conversion des cellules solaires à base
de silicium mor ocristallin a été obtenus essentiellement grâce à une meilleure compréhension des
phénomènes de recombinaison dans les différentes parties de la photopile. On a réussi, d'une part, à
mieux cerner les mécanismes de recombinaison des porteurs minoritaires au niveau des surfaces et,
d'autre part, à améliorer la pureté des matériaux, de sorte que la longueur de diffusion des porteurs
minoritaires soit plus grande.
Un des remèdes pour limiter la recombinaison de surface consiste à faire croître thermiquement à une
température comprise entre 800 et 90O0C une couche d'oxyde mince (typiquement 100 A de SiC )̂ qui
peut s'étendre dans certains cas en dessous des contacts métalliques.
Les matériaux à grande durée de vie des photoporteurs exigent des techniques de fabrication qui
permettent de maintenu- partiellement des valeurs élevées de la longueur de diffusion tout au long
des divers traitements thermiques nécessaires à l'élaboration de la photopile. Le chapitre I revoit
les problèmes des cellules solaires à haut rendement liés à la recombinaison en surface et en volume.

26
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Chapter I
.;.

SOME ASPECTS OF HIGH EFFICIENCY SOLAR CELLS

We have discussed in the introduction the economic motivation for high efficiency solar

cells. The present chapter will be devoted to several aspects concerning high efficiency, namely

the theoretical efficiency limits, some examples of high efficiency cells (appendix A) and the

influence of bulk and surface recombination. The aim of this chapter is not to present

completely the subject ; this has been much better done by M. GREEN [1,2]. We just want to

point out several topics which are important for the following.

I THEORETICAL EFFICIENCY LIMITS

Opinion has considerably changed during the past decades on what are really the

efficiency limits of silicon solar cells [1, 2]. In general, there are three approaches used to

calculate these limits :

1. Theoretical approaches

The first way uses fundamental principles as those of thermodynamics to calculate a

theoretical bound [3-1O]. Some of the limits found in this way exceed experimental efficiencies

by far as they do not take into account the real material parameters and provide only an upper

bound. Nevertheless, these models allow a fundamental insight into the function of solar cells.

MUSER [3], for example, compares a solar cell to an ideal thermocouple and uses a refined

version of the Caraot efficiency. The most successful approach in this category came from

SHOCKLEY and QUEISSER [5]. They considered the sun and the solar cell as black bodies

and calculated the detailed balance between in and outcoming radiation, recombination and

carrier flow. At that time, little was known about Auger recombination in solar cells, so they

assumed radiative recombination to be the most important mechanism although they already

included the possibility of further mechanisms into then- model. Their curve is drawn in Fig. 1

(the black-body limit) as a function of the bandgap. Silicon is relatively close to the maximum

of the curve with about 30 % limit efficiency. One should notice that the limit efficiency

depends on the exact form of the solar spectrum used (!). Later on, the approach of

SHOCKLEY and QUEISSER was improved, and the importance of Auger recombination and

free carrier absorption was recognized and integrated into the model [6-8].

The corrections, however, aie merely second order effects and more interesting from a
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EFFICIENCY OF A CRYSTALLINE SILICON SOLAR CELL
100
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Figure U. Loss factors in a crystalline silicon solar cell [Introduction réf. S].

29



16

theoretical point of view than a technical one (Fig. 2). Today, it seems established that the limit

efficiency for silicon cells lies around 30 %.

The second approach is a semiempirical one [I]. It considers the influence of

fundamental and empirical loss factors on the parameters of a solar cell, namely short-circuit

current, open-circuit voltage and fill factor (Fig. 3). The most important losses come from three
sources : the photons with energies smaller than the bandgap are not absorbed, the excess

photon energy of photons with energy exceeding the bandgap is converted into heat, and the

voltage at which the carriers can be extracted is lower than the bandgap voltage. The first two

losses reduce the short-circuit current, and all three the open-circuit voltage and the fill factor.

But already the voltage factor depends on material parameters such as the diffusion length of

minority carriers and can only be determined empirically. The same holds for the other loss
factors in Fig. 3. The limit determined in this way resides between 25 and 30 % (Fig. 1).

The thud method for calculating limit efficiencies is to do solar cell modeling with a

concrete cell structure and with realistic or ideal material parameters (lifetimes, absorption

coefficients, etc ...) [12-1S]. In general, the authors took values which were realistic or
optimistic for the time when they wrote their articles. Especially in older publications, the

"optimistic" limits are now behind today's efficiencies. As an example let us mention réf. 12

who claims that "with the use of reasonable anticipated values of various parameters, ....

silicon solar energy converters should be able to be made with efficiencies as high as 10

percent". This has to be compared to the 20 % - efficiencies achieved today. In our days,
however, the material parameters and cell mechanisms are much better known and a recent

recalculation by M. WOLF [15] gives achievable efficiencies of 25 %, this, however, for thin
solar cells with equal doping on both sides of the junction.

2. Approaches to exceed the black-body limit

There have been several theoretical attempts to exceed the above mentioned 30 % limit
efficiency.

The most classical approach is by means of concentrating the light, which has the effect
to extend the angle under which the sun is seen : the sun seems to cover a larger fraction of the

sky. The maximum efficiency that can be achieved when the sun "covers" the whole sky (411)
is 39 % (Fig. 4).

Another "trick" to exceed the above mentioned limit is by thinning the cells and using
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light trapping schemes which limit the acceptance angle 9 of the cells [1, 8]. Thin cells are

capable of generating very high open-circuit voltages (Fig. 5). When the current can be

maintained by adequate light trapping, the efficiency exceeds 30 % (Fig. 6). Restricting the

acceptance angle is necessary in this case in order to retain efficiently the outgoing part of the

incident energy. The practical interest for this approach lies in concentrator and space

applications and less in most terrestrial applications where the diffuse component of the sunlight

is important

The most unusual proposal was to make accessible the energy which is wasted by the

photons of energy greater than the bandgap. They create only one electron-hole pair and waste

the rest by heating the lattice [9, 1O]. This is achieved by the so-called thermophotovoltaic

conversion. The spectrum of the sunlight is converted by an intermediate selective absorber

(Fig. 7a) with special characteristics into a spectrum which is peaked close to the bandgap (Fig.

7b). The efficiency as a function of the bandgap calculated in this way (Fig. 7c) exceeds by far

the one obtained by conventionally concentrating the sunlight (Fig. 4). Note that the maximum

of the efficiency versus bandgap-curve has been shifted to smaller bandgaps. By additional

features such as surrounding the selective absorber with a selective reflector which transmits

only light slightly above the bandgap (Le. which makes the sunlight monochromatic), the

efficiency of a solar cell can be even more enhanced. This tricky idea uses the fact that under

monochromatic light a solar cell which matches the wavelength of the incident radiation has a

much higher efficiency than the black-body cell under black-body radiation.

Other proposals have been made to recover the wasted long wavelength photons by introducing

intermediate levels in the gap although it is not clear how to avoid the nocive recombination

which occurs via these levels.

3. Fundamental limits

In the light of the above mentioned examples the question might be allowed of what may

really be a fundamental efficiency limit. The 30 % limit is certainly a "fundamental" limit for a

given light spectrum and a given cell design without additional sophisticated arrangements. But

from this point of view even an antireflection coating circumvents a "fundamental" limit (the

reflectivity of silicon) and the 30 % limit appears more a technical than a fundamental one as it

is much easier to make a good antireflection coating than a good selective absorber at 200O0C.

The only real fundamental limit efficiency for today's knowledge appears to be the

thermodynamic Carnot efficiency of [1 - (T0Hs)] = 0.95 for an ambient temperature T0 =

300 K and a sun temperature of T5 = 5800 K. The references cited at the end of this chapter are
surely not the last to be written on this subject.

31
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a) b)

(orb. units)

Acg/eV

Figure 1.7 J. Arrangement for ideal Ihermophotovoliaic solar-energy conversion. Solar

radiation is incident on a lens under the solid angle IJ5. It reaches a spherical absorber A in the

focal plane of the lens under a solid angle Qjn,;. The absorber is placed in one focal point of an

ellipsoidal mirror and absorbes selectively only photons which exceed the bandgap. In the other

focal point of ihe mirror a solar cell Fh is placed.

b. Spectral density of absorbed and emitted photon current for a selective

absorber with an absorption edge AEg = 1.0 eV as a function of photon energy.

c. Efficiency of solar energy conversion with intermediate selective absorber as

a function of AEg for die optimal solid angle of incident solar radiation Qin,.=0.03.
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Efficiency
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Table 1.1. Characteristics of low-and high-resistivity silicon concentrator solar cells

(1 cm diameter) under one sun illumination (AM1.5 spectrum, 100 mW/cm2,280C) [17].

a) b)

Figure 1.8.3. Recombination analysis of p on n silicon concentrator cell at V00 [18].

b. Recombination analysis of the Stanford-like point contact cell (A.3) at V00

[181-
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After this theoretical high-altitude flying it might be somewhat deceiving to land on the

rude experimental earth and find oneself with real solar cells exceeding "barely" 20 %. The

appendix A presents some of the concepts which have been developed in the direction of the 30

% limit. These high efficiency cells - although technical miracles - have yet not reached several

of the limits which led to the theoretical 30 % efficiency limit, especially the minority carrier

lifetimes, even in thermally untreated material, are far from reaching the limit imposed by Auger

recombination.

H. FACTORS INFLUENCING EFFICIENCY

It is difficult to outline the portrait of a successful solar cell design. Publication 1 hi

Appendix C enumerates some of the features which are common to most high-efficiency cells.

But the common features were mostly due to an uncomplete understanding of the phenomena

and with a better understanding novel cell concepts became possible.

From the Appendix A we learn that virtually every way to form an emitter is capable of

generating high efficiency although diffused emitters are still nousing out other techniques. All

emitters are in general thin but one approach (Appendix A6) showed that thick emitters are also

compatible with high efficiency. Successful designs employed n-type as well as p-type

substrates, and even the substrate resistivity is not of first importance although, during several

years, the range 0.2-0.5 Q.cm seemed to be favourable. This, however, was due to a better

understanding and control of passivation techniques for this low resistivity range. Recent

evolutions showed that high efficiency can be achieved with substrate resistivities up to 2000

Q.cm (Table A.1 and Table 1). At these high resistivities, the backside of the cell will be as

important as the frontside.

The key to high efficiency lies less in a particular design but in an understanding of the function

of the cell as a whole and not only of each part of it.

The whole cell concept must be consistent from the material requirements to the antireflection

coating. There are design features that are not compatible with others. A thick emitter for

example will not work with high emitter doping levels or without surface passivation. Front

surface passivation will not work with low base diffusion lengths (at least in thick cells). High

diffusion length (high resistivity), on the other hand, demands a perfect backside passivation,
etc ...

The only common feature to all high-efficiency approaches is, in fact, that recombination

is minimized in the whole cell consistent with the cell design. Fig. 8a and 8b show the

recombination analysis of two different cell designs. The cell in Fig. 8a is a low resistivity
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p+nn+-cell with a more conventional design. The main contributions come from the heavily

doped emitter. The second cell in Fig. 8b is the point-contact cell from Stanford (see Fig. A.3)
with reduced emitter areas on the backside. Due to the high resistivity there is a considerable

contribution from the base of the cell. SWANSON [19] describes the demand of minimized

recombination as follows : "An apt analogy to controlling and reducing recombination is

provided by a leaky bucket being continually filled with a faucet. The level of water represents

the density of electron-hole pairs and the incoming stream represents the incident photons. One

wishes to attain the highest water level (highest carrier density and hence voltage) but it is found

that every time a leak (source of recombination) is plugged the water rises only a little until

another leak is found. So it is necessary to examine every part of the cell for potential

recombination paths and take steps to block those paths. This requires that the internal flows of

carriers must be well modeled and understood". (Fig. 9).
For completeness, one should add to the demands for high efficiency cells : a high purity

starting material, adequate solar cell modeling and a good technical equipment.

1. Bulk recombination

a - The importance of bulk diffusion length

The most important basic parameter for thick cells is the base minority carrier diffusion

length. Hg. 10 shows the influence of the diffusion length on the output parameters of a typical

solar cell. The parameter which is the most affected by a low diffusion length is the short-circuit

current due to a bad spectral response of the cell for red light. The open-circuit voltage,
however, is also strongly affected by the value of the diffusion length because a low diffusion

length is an indication for the presence of recombination centers which not only reduce the

collection efficiency but increase the saturation current. The fill factor is correlated to a less

extend to the diffusion length. For thin cells the conditions on the diffusion length can be

relaxed (especially if one is not able to take advantage of long diffusion lengths by back surface
passivation) but should exceed the wafer thickness several times, anyhow. One should realize

that although it may be sufficient for a good collection efficiency to have a diffusion length
which is twice the wafer thickness, it is necessary for a low saturation current to have the
longest diffusion length possible !

Two important factors influence the final diffusion length. The first is the starting material and

the second the various treatments which the sample underwents until the solar cell is finished.

In the starting material, it is not only important that the initial diffusion length is long but the

presence of defects and impurities which might interfere with subsequent processing steps has

to be considered. Fig. 11 shows the minority carrier lifetimes obtained on commercial FZ
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Figure 1.10. The importance of the minority carrier diffusion length in the base of a

typical solar cell for the characteristic parameters of the cell [11].
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material of various doping levels. For higher doping levels it is Auger recombination which

limits the lifetimes. For lower doping levels, which are typical for solar cells, there is another

influence at work as the lifetime values are well below the Auger limit. It has been speculated

[20] that this might be a consequence of recombination centers due to defects or impurities in

very low concentrations, which are below the detection limit of any characterizing technique

(see Fig. 12).

b - The influence of handling and thermal treatment on the diffusion length

Although already the starting lifetimes lie below the intrinsic limit, it is difficult to

maintain such high values in thermal treatments. There have been suggestions [21] that each

thermal treatment of sufficiently high temperature might leave the material with native

recombination centers Involving vacancies. But the main part in the degradation of the lifetime

comes from internally present impurities or from the handling and the equipment. Neutron

activation analysis has proven that iron for example is present in concentrations up to 10^

cm"3 in commercial wafers [22]. The same method shows (Fig. 13) with which astonishing

velocity iron is picked up in a furnace at high temperatures and Tables 2 and 3 illustrate how

omnipresent are transition metals in an ordinary laboratory environment. The influence of some

common impurities on the normalized efficiency of a cell is shown in Fig. 14. Combined with

the above mentioned influence of the imperfections of the starting material on its thermal

behaviour it is not surprising that different findings have been made on apparently the same

material Fig. 15 illustrates that it is possible, for example, on CZ material to obtain an

enhancement of the lifetime around 4SO0C as well as a degradation. In this case, defects and

oxygen concentration play a role.

Other astonishing results show that even a low temperature treatment as wafer cutting has an

influence on the lifetime (Fig. 16) [27].

There is some external influence possible by gettering action [28]. Fig. 16 illustrates this for

HQ and backdamage gettering. Another widely used mean is POC13 gettering which might

partially explain why diffused cells are still the best ones. For a short and recent representation

of the various gettering mechanisms and their explication from today's knowledge, see réf. 28.

c - Example of the interaction of bulk and surface recombination

We want to discuss in some detail the very astonishing experimental results of a high

efficiency cell on a 2000 Qcm material shown in Table 1. Several years ago people thought that

it was impossible to achieve efficiencies of over 19 % on such high resistivities. Fig. 18

illustrates this fact where the best experimental values are reported with a clear maximum
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around 0.5 ûcm. For higher resistivities the short-circuit current increased a little but was

largely compensated by a drop in the open-circuit voltage. This drop in the open-circuit voltage

is due to a high base diffusion current which is the major contributor to the saturation current at

higher resistivities. With a backsurf ace passivation in form of a backsurf ace field it is possible

to compensate for this voltage drop.

The diffusion current density component can be written for p-type material hi the following way

if the backside plays an important role [1] :

-xF_ (D

where

Se cosh (Wp / L6 ) + De/Le sinh(Wp/L8)

P~De/Lecosh(Wp/Le) + Sesinh(W /Le)
F = (2)

q is the election charge, De the minority carrier diffusivity, nj the intrinsic carrier concentration,

L6 the electron diffusion length, NA the base doping, Wp the wafer thickness and S6 the

surface recombination velocity at the backside. If the surface recombination velocity at the

backside is high and the wafer thin compared to the diffusion length then

(3)

On the other hand, if the recombination is low at the backside, which can be achieved for

example by a backsurface field, then for a thin wafer

p.-*' (4)

For thick wafers the factor Fp tends towards unity.

If one substitutes (3) and (4) into (1), one obtains

WPNA
(high S) (5)
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Figure 1.11. Electron (circles) and hole (crosses) lifetime versus dopant concentration in

as-grown FZ silicon [16].

Figure 1.12. Schematic representation of minority carrier lifetime in silicon for the three

main recombination mechanisms [I].
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Figure 1.13. boa-uptake of as-grown silicon from gas atmosphère and oven materials ai
UOO0C The first contamination step is due 10 iron present at the sample surface whereas the

second step at longer times is due to the oven [23].

Cr
Fe
Zn
Cu
Nl
MoHf
W
Au
Na

7.2
UOO
3«

Not meus.
28.7
4.1
M
33
0.023

4600

Other elements detected: As, Ga, Sc, La, Ce, Nd, Eu, Tb. Yb

Table 1.2. Impurities in a fresh alumina lapping compound determined by NAA.
Concentrations in ppm [24],

Fe
Cr
Nl
Cu
Au

Control
(atoms/3*
«wafer)

5.0ËU
1.4E13

LJEIl

Wafer lifted 20
times with metal
tweezer (atoms/

3* « wafer)

4.2E13
L3E13
5.6E13

1.5É11

Tweezer
composition
concentra-
tion (%}

73.15
14JO
10.90
0.059

Contaminated

Table 13. Cbntaminanon of bare silicon wafers handled vuith metal tweezers (24).
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Figure 1.14. Normalized solar cell efficiency versus impurity concentration for a 4 Qcm

p-base device [25].

Figure 1.15. Lifetime and oxygen variations versus annealing temperature in 10 Ocm

p-typc CZ material Either a lifetime enhancement or a reduction can be observed [26].
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Figure 1.16. The decay of carrier lifetime after wafer sawing of CZ crystals as a function
of rime elapsed after sawing [27].
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and

NA

(low S) (6)

for high and low recombination velocity at the backside respectively.

One sees clearly that in the first case it is impossible to draw benefit from the high base

diffusion length in high resistivity material. The saturation current increases linearly with the

inverse of the base doping concentration, and thinning the cell deteriorates further I0 as the

(bad) back contact becomes even more important. In the case of a low recombination velocity,

however, there is an important influence of the diffusion length on this component and the rise

of I0 with decreasing base doping can be compensated by a large base diffusion length.

Thinning Ae sample will even enhance this phenomenon.

This example illustrates the combined advantage of a high diffusion length and a low back

surface recombination. Without the second die first would not have been beneficial.

For talcing full advantage of this concept (compare Fig. A.1) one has to go to thinner cells. By

adequate light trapping with a surface texturization and a backsurface reflector one has to

compensate then, however, for optical losses in order to maintain the collection efficiency.

In the following we will focus on aspects concerning the surface recombination.

2. Surface passivation of solar cells

The expression "surface passivation" has very wide applications in different domaines.

One meaning of this term is the protection of materials and devices against environmental

influences or reactions with the environment as in the case of metals which are passivated to

withstand corrosion. Other examples include integrated circuits which have to be protected

against moisture, impurities or scratches.

À second meaning of "passivation" is to prevent the (uncontrolled) surface behaviour or, more

general, interface behaviour (e.g. at grain boundaries) from being as important as the (wanted)

bulk behaviour of the device, e.g. to prevent surface leakage currents from shunting junctions,

etc ... In the case of surfaces, a variety of growth and deposition techniques have been

developed in microelectronics to create these passivating layers [3O].

The first time, "passivation" was introduced into solar cell design was in connection with grain

boundary passivation and defect or impurity passivation in polycrystalline material by

hydrogen. At the beginning of eighties surface passivation by means of thin oxide layers

(50-200 A) was proposed to reduce surface recombination. Up to that time, people had paid
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little attention to this parameter although it was already well known from microelectronics that

an oxide layer greatly reduces this type of recombination. This chapter will focus on some

theoretical and practical aspects of surface recombination.

a - Surface recombination and surface states

Recombination at surfaces (interfaces) is intimately related to the presence of surface

states (interface states) where the carriers can recombine. The origin of these interface states is

not clearly established up to now. Several factors might, in fact, contribute to their introduction.

Already in 1932, E. TAMM [31] introduced the concept of surface states by arguing with

fundamental quantum-mechanical considerations that the presence of a surface disturbes the

periodicity of the crystal lattice, introducing thus energy levels in the forbidden gap of the

semiconductor. With a simple one-dimensional Kronig-Penney model of a crystal, Tamm could

quantitatively calculate these levels. On an atomic scale the outer silicon atoms contribute to the

interface states as they have unsaturated dangling bonds compared to their bulk brothers. In the

case of an SiO2 layer another contribution might come from oxygen deficient centers in the

SÎÛ2 near the interface or from distorted Si-O bonds. Considerable theoretical effort has been

made to establish a realistic model of interface states and to calculate the levels ab initio from

fundamental principles [32-37]. In recent years some microscopic understanding of interface

states is emerging, however, although die concept of interface states reveals to be a very

sophisticated one. The task is complicated by the fact that at the surface adsorbed impurities

might also contribute to interface states. For a short and recent review of measurement

techniques and models, see réf. 36. Réf. 32, although twenty years old, could also be read with
much gain.

The theory which is used to relate interface trap density and surface recombination

velocity is Schockley-Read-Hall (SRH) recombination via traps at the surface [38]. For a single

recombination level the net recombination rate at the surface is given by [39]

U=V111N1.
pn-n?

[n + HJ exp (E1. - E1 TkT)] + (1/CTn) [p + n{ exp - (E7 - E1 /kT) ]
(7)

where p and n the carrier concentrations, nj the intrinsic concentration, a the capture cross

section, vjb the thermal velocity of carriers, Nj the trap concentration at energy level Ef and Ej

the intrinsic Fermi-leveL

For a continuum of traps which is observed on clean, unimplanted, postmetallization annealed

Si-SiO2 interfaces, one substitutes the trap density NT by dNx = Djt (Ex) dEj and integrates
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over the bandgap:

(psns-n?)Dit

(l/ap) [ns + nj exp (E1. - E1TkT)] + (l/an) [ps + HJ exp - (E1 - E1 /kT) ]

where Djt ̂
e interface trap density.

These formulas can be specialized to high or low-level injection of excess carriers. Low-level

injection means that the injected excess minority carrier density is small compared to the

majority carrier concentration. In the case of low-level injection it is supposed that the net

recombination rate is proportional to the excess minority carrier density with a constant

proportional factor, the effective surface recombination velocity. For an n-type sample this

would be

U = Seff. 6p (9)

This formulation has raised some critics [41-44] essentially due to the fact that it does not take

into account detailed carrier flows at the surface. The surface is treated as a plane with flat

bands. In fact, there is a space charge layer present at the surface, and Sp is the excess minority

carrier density at the edge of the space charge layer. The problem arises from a confusion of

true recombination velocity, which depends only upon the recombination process, and the

effective velocity at the edge of the surface space charge region, which depends also upon the

minority carrier transport through the adjacent space charge region [44]. Other dependences of

U on op have therefore been proposed. A somewhat different point of view is to accept the

above formulation as a definition : Seff depends then on the illumination level [39].

In order to calculate Seff, the interface trap density and the surface capture cross sections

have to be measured. A result for high quality oxide is shown in Fig. 13-15 for three oxidation

techniques. The interface trap density has not the typical u-shaped form as only one type of

interface traps contribute to the profile [36,39]. These parameters are strongly dependent on the

oxidation technique used. Fig. 16-19 show the calculated dependence of the surface

recombination velocity on substrate doping and illumination level. The difference between n-

and p-type material is due to the different carrier cross sections.

The values of the surface recombination velocities obtained in these cases are verly low
(= 1 cra/s). One has to remember that at free surfaces values of 10 -̂10^ cm/s are encountered.
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This illustrates the effectiveness of good quality oxide to reduce the surface recombination.

These low values, however, can only be obtained on slightly doped silicon. Heavily doped

silicon shows much higher interface trap densities and, as a consequence, higher interface

recombination velocities of at least several 100 cm/s [45], For a more in detail discussion of the

topics mentioned here, we refer to Chapter 7 of réf. 2.

b - How does surface passivation work in the design of a solar cell ?

The success of surface passivation during the last years is due to a better understanding

of the recombination phenomena in a solar cell and their respective contribution to the final

efficiency as already mentioned in the preceding paragraph. Fig. 26 shows the different

recombination sites in a typical solar cell and the principal mechanisms responsible for the

recombination.

In the seventies, it was mostly the purity of the starting material, the handling before processing

and the high-temperature treatments which limited the final efficiencies. These factors influence

directly the minority carrier diffusion length in the base, which is the most important parameter

in solar cell design. Further improvement became possible with the advent of higher purity

material, very careful handling and lower processing temperatures, which were adapted for

maintaining a high diffusion length.

People recognized that the parameter which offered the most promising possibilities for

improvement was now the open-circuit voltage [15, 46-48]. The following arguments will

procède on the "historical" way of passivation which began at low resistivities. The current

density for the cell in the dark I0 is given by the approximation

kT ASC

"^
(10)

Hence, the key for improving V00 lies in a reduction of I0 as slight improvements of Isc have

only Hole influence on V00. This implies that the different contributions by recombination to the

saturation current have to be examined carefully. Since bulk recombination had already been

largely diminished, the principal remaining factor was recombination at surfaces and in the bulk

emitter. Supposing a small contribution from the bulk emitter by making it sufficiently small or

lowering the doping level (i.e. by making it "transparent" to minority carriers, the remaining

recombination is due to the surfaces (recombination at free surfaces and beneath the contacts).

Under these circumstances a careful analysis [47, 48] shows that great improvement in the

open-circuit voltage can be achieved by reducing the surface recombination (Fig. 27 and 28).

Improvements of more than 10 % in V00, i.e. in efficiency, from values near 600 mV to values
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Figure L27. Calculated dependence of the open-circuit voltage on the surface
recombination velocity Sp for a n+p silicon solar cell with transparent emitter [47].

Figure 1.28. Same as Hg. 27 for lower emitter doping and a larger emitter.
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in the 650-700 mV range are possible. The development following these first considerations

has fully justified this approach. Surface passivation has as additional benefit an improvement

of the spectral response of the cell at short wavelengths due to a better collection efficiency near

the surfaces, i.e. a direct influence on the short-circuit current. When the resistivity is

increasing a back surface passivation has also influence on the cell response in the red as the

back contact becomes more important (Fig. 29 a and b).

One has to remember at this point what has been said in the preceding paragraph.

Surface passivation alone is not doing miracles. The whole cell concept has to be consistent.

There are cases where surface passivation does not improve efficiency. For example, in a

low-resistivity cell whose diffusion length is small compared to the cell thickness, Le. where

the contribution to the saturation current from the bulk exceeds the contribution from the

emitter, surface passivation (neither on the front nor or the back of the cells) would work. First,

it is important to achieve a high base diffusion length (or to reduce the cell thickness) in order to

profit from passivation. In a high resistivity cell, on the other hand, with a high diffusion

length, there is a larger contribution to the dark current from the base due to the lower doping

level. Front passivation alone will in this case not contribute very much, as the emitter part of

the saturation current is less important. Hence, more attention has to be paid to backside

passivation.

Another example concerns the doping level of the emitter. Intuitively, it seems clear that when

the contribution from the bulk emitter to I0 is important, i.e. if the emitter is not very

transparent, surface passivation does not work either. One always has to focus on the principal

source of recombination on the corresponding design level. So, in order to profit fully from

surface passivation, reduced emitter doping (= 10̂  cm~3 instead of 2-4.10^0 cm~3) should

accompany surface passivation (Fig. 30 and 31). Other authors [51,52] did not agree with this

opinion and claimed that degeneracy might shift the optimum to higher concentration levels due

to a better minority carrier suppression in this case. Recent experimental confirmation,

however, seems to favour the first idea [49,53,54].

As a last example we will mention recombination at contact areas. It is known that metallic

contacts are areas of high recombination rates compared to the surrounding free surfaces [55,

56]. So, when the front surface contribution to the saturation current is important, and even

when the free surface is very well passivated, no improvement is observed although the

contacted area represents only a few percent of the total area. The recombination rate, however,

is so much higher under the metal contact (lO^-lO? cm/s) that it constitutes the main portion of

the emitter saturation current One possible remedy has been to include larger heavily doped

areas beneath the contact (Fig. 32) to repel minority carriers and minimize, thus, the

contribution to the saturation current. This design feature, however, may present inconvénients



45

due to enhanced Auger recombination. For a discussion see réf. 2. An alternative way is to

passivate partially or entirely the contact area. This could be achieved, for example, by growing

a thin tunneling oxide (= 30 A) beneath the contact or by partialy extending the oxide under the

contact, reducing thus considerably the highly active area (Fig. 33).

In general, it is important to have a proper basic design of the solar cell in order to profit

from an additional feature such as surface passivation [57].

A last remark has to be done about the oxide thickness used. It is clear that a tradeoff has to be

made. If the oxide is too thin, it is very difficult to obtain a sufficiently low interface state

density or a correspondingly low surface recombination velocity (Fig. 34). On the other hand,

if the oxide is much thicker than 100 À then it is impossible to obtain an optimum antireflection

(AR) coating on the solar cell due to the refraction index of SiC>2 which is not optimal for an

AR coating [59]. Moreover, high oxide thicknesses imply high oxidation temperatures or

long-time oxidations which is not consistent with thin emitters.

c - Other passivation techniques

Thermal oxidation has been used mostly for surface passivation as this technique is very

well known from microelectronics. There have been attempts to replace the thermal oxide by

other procedures.

WJ). EADES et al. [60] tried to deposite SiC>2 by plasma-CVD at 45O0C. Afterwards,

however, they had to density the oxide obtained in this way at temperatures around 100O0C in

order to obtain good electrical quality.

Another - quite genious - idea is to retain the advantages of SiO2 but not the disadvantages.

SiO2 blocs minority carriers as well as majority carriers (Fig. 35). So it cannot be used beneath

contacts. The point is, instead of reducing the recombination sites beneath the metal contacts, to

prevent minority carriers from reaching them. Ideally one should dispose of a material which

transmits majority carriers but blocs minority carriers. This could be achieved by depositing a

large bandgap (transparent) semiconductor with an adequate bandstructure on top of the silicon

(Fig. 36) [61]. GaP and ZnS^xSEx have been proposed as candidates. In practice, however,

difficulties are arising from lattice mismatch with the silicon lattice.

Further passivation techniques are used for other semiconductors as GaAs. Traditionally, an

epitaxial film of AlGaAs is grown on GaAs. More recently chemical surface passivation was

investigated by spinning on various aqueous solutions [62].

We have presented in this chapter the basic ideas related to the concept of high efficiency

solar cells, namely the influence of bulk and surface recombination. There are two transient
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techniques, excimer laser annealing and rapid isothermal processing (RTP) which correspond,

in some aspects, to the criteria established in this chapter : pulsed excimer laser annealing leaves

the bulk untouched, whereas RTP is capable of generating high quality oxides which may be

interesting for passivation layers (chapter IV).

The following chapter n describes the phenomena related to transient processing.
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Figure 1.33. Illustrating the design for contact passivation (a) free surface passivation,

(b) thin tunneling oxide under the contact (30 A), (c) a thicker passivaling oxide (- 100 A)

extending under the contact The arrows indicate relative surface recombination rates [56].
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Chapter II

TRANSIENT PROCESSING

Résumé du chapitre II

II existe des traitements thermiques transitoires qui répondent aux deux critères de
diminution des recombinaisons de surface et de volume, qui opèrent, soit en régime adiabatique en
lumière cohérente (lasers), soit en régime isothermique de courte durée par recuit en lumière
incohérente (Rapid Thermal Processing, RTP). Le chapitre II présente une revue de la théorie des
régimes transitoires.
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Chapter II

TRANSIENT PROCESSING

In the last decade a great variety of transient processing techniques have been developed,

each with its own mode of energy transfer towards a solid, liquid or gaseous medium.

Amongst these techniques we find the use of coherent light emitted by laser from the ultraviolet

to the far infrared, incoherent light from halogen and xenon lamps or black-body radiations

from heated cavities, particle beams originating from electron or ion guns, each of which could

be used in a continuous or pulsed mode. Characteristic for each technique is its interaction time

with matter (Fig. 1), which covers the range from femtoseconds for certain pulsed lasers up to

several hours .for furnace annealing. The following chapter will give a brief "aperçu" of the

phenomena related to transient processing. For more complete introductions, see réf. [1-5].

L INTERACTIONS OF LIGHT BEAMS WITH SOLID SEMICONDUCTORS

1. A brief review of optical properties

Radiation interacts with solids by an exchange of energy. When the optical wavelengths

K are long compared to the interactomic distances in the solid then the reaction of matter to a

light stimulus can be described quite adequately by macroscopic quantities, such as the complex

refraction index n = n + ik. The real part n is defined as the ratio of the phase velocity in

vacuum to that in the solid, whereas the extinction coefficient k describes the attenuation of the

wave. Thus, these constants determine the phase and the absorption of the electrical field

created by an electromagnetic plane wave of frequency w in the solid :

E(x,t) = E0exp[-ia>ft-^-^—JJ (1)

The light intensity I is proportional to | E |2 and decays exponentially with the penetration

depth of the light into the solid

G(x) = I0(l-R)ae«x (2)

where G(x) represents the absorbed intensity at the depth x, I0 the incident intensity and
2FIk

a = the absorption coefficient.
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pi
describes the part of the incident energy which is reflected at the surface of the solid. The
reflectance which determines the deposited energy, and the absorption coefficient which
determines the spatial repartition of the energy, define together the degree of coupling between
light and matter. The inverse of the absorption coefficient, 8 = a" 1 is called absorption length.
Fig. 2 shows the variation of R and a with wavelength at room temperature. The absorption of

silicon is quite weak in the far infrared and is mainly due to free carrier and lattice absorption.
In the visible and the UV the absorption is increasing as the photon energy is sufficiently high

to induce transitions to the conduction band of silicon.

Naturally, all the above mentioned quantities may be time, space and temperature
dependent, leading thus to a non-linear behaviour of the solid under the light beam [I]. A
typical example is the 10.6 Jim radiation of a CÛ2 laser which couples more effectively to the
solid via lattice absorption and free carrier absorption when the temperature of the solid is
raising under the beam.

2. Dynamics of an electron-hole gas induced by an intense light source

The coupling of light to the crystal lattice of a semiconductor is described by the theory
of the dynamics of a dense light-induced electron-hole plasma [6]. This theory describes how
the energy is transferred from the photons to the lattice by the intermediary of hot carriers which
thermalize and recombine.

a- The absorption of light in a semiconductor

For photon energies exceeding the bandgap of the semiconductor, the incident energy is

adsorbed by creating electron-hole pairs or exciting free carriers. The first process is
predominant initially. The absorption rate g of light with energy-no) at the surface is then given

by

P(I-R) , 3
g = — (S-1Cm-3) (4)

OTlG)

with P the incident power per unit surface, 1-R the absorbed fraction and 8 the absorption
length. The latter is a function of doping level, crystallinity and wavelength. It varies typically
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Figure IU. An indication of the range of wavelengths and very
approximate optical powers present'y available from the common
commercial lasers and incoherent lamp systems; (a-d) Excimer
lasers, (e) N2 laser, (f-h) argon ion laser, (i) krypton ion
laser (strongest line), (j) ruby laser, (k) Nd:YAG or Nd:glass
laser, and (1) CO2 laser. The traces shown by (m) are a series
of tuning curves available from various dye laser systems
pumped by some of the lasers mentioned above, and/or flash
lamps. An indication of the relative power available from each
system is given by reference to the logarithmic scale on the
left of the diagram. Also shown is the near black body spectrum
from a tungsten lamp (curve n) and the more heavily featured
spectrum from a Xenon arc lamp (shaded, trace o). The discrete
dotted lines (p) are the strongest emissions available from a
Hg lamp. The linear scale for the lamp spectra is on the right
of the diagram, and both scales are aligned at 100 mW [1]

Figure n.4. Schematic diagram of electron energies in a laser-irradiated semiconductor,

showing the ftee-electron plasma exchanging energy with the beam and the lattice. An

analogous diagram holds for holes [I].
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from 0.01 to 2 (im for ultraviolet and visible light sources. Infrared sources such as the Nd-Yag

or the CÛ2 laser have much higher penetration depths. A variety of different light sources is

shown in Fig. 3.

The excitation of electrons to the conduction barH (intrinsic absorption) is only possible when

the photon energy exceeds the bandgap. Nevertheless, at high carrier densities (> 10*9 cm"3)

the absorption by free carriers (extrinsic absorption) can compete intrinsic absorption [7]. This

might occur in heavily dored emitters. It is this second type of absorption which is principally

active for photons with energies below the bandgap.

In the far infrared, a third type of absorption gains importance, the so-called lattice absorption,

which is due to an interaction of light with phonons.

There are other possible types of absorption mechanisms in semiconductors, such as the

interaction of light and excitons which determines the fine structure of the absorption edge at

1.1 eV in silicon but these are merely second order effects, at least in silicon.

b- Thermalizan'on of generated hot carriers

The electron-hole pairs in silicon are created by indirect absorption which involves

phonon emission or absorption. As the phonon energy (0.05 eV) is largely inferior to the

energy of the photons, the energy transferred to the lattice during the absorption is negligible

against the total absorbed energy. The increase of free carrier density enhances, however, the

absorption. Finally, the hot electrons and holes thermalize with the rest of the carriers and,

eventually, with the lattice.

The principal relaxation phenomena of hot carriers (Fig. 4) are carrier collisions (relaxation time

1Q~14 S)1 and lattice collisions (10~12 s). Another important mechanism at high car icr densities

(> 10̂ 0 cm"-*) is the production of electron-hole pairs by impact ionization, the inverse

mechanism to Auger recombination. All the mentioned processes, phonon emission apart, lead

only to a redistribution of the energy among the carr ., -:e quantity of energy transferred to

the lattice is negligible during this period.

c- Carrier recombination

Three principal modes of recombination reconstitute then equilibrium conditions. The

recombination may proceed via photon emission (radiative recombination) or phonon emission

(lattice heaiing) or non-radiative via the Auger effect. In the latter case, the energy which is

released by the recombinai.on of an electron and a hole is transferred to a third particle (another

electron or hole) which becomes "hot", i.e. highly excited. This particle conveys its excess

energy to the lattice by a series of collisions. The typical relaxation time for the Auger process
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covers the range from 10'9 s [2] to 10^2 s [g] for higher carrier densities. One should notice

that this time is still inferior to most pulse durations used in transient processing. Fig. 4

resumes the principle mechanisms of absorption, thermalization and recombination.

d- Diffusion

The increase of the lattice temperature depends on the distance which the free carriers can

cover before phonon emission. An important diffusion of these carriers implies a considerable

increase of the zone, where the energy is transferred to the lattice. The exchange region

corresponds no more to the absorption region. In this case, the density of the electron-hole

plasma is diminished and thermalization occurs more slowly.

For processing times longer than 10'9 s the carrier density decreases very rapidly by

recombination and heat transfer to the lattice, and, in this case, the carrier diffusion does not

play any role. Things are happening as if the superficial layer of the semiconductor where the

light is absorbed, acts as an intrinsic instantaneous source of heat. The future evolution of the

process is purely thermal and only controlled by the heat diffusion in the sample, accompanied

by radiation and convection losses (Fig. 5). This is the basis of the so-called "thermal model"

which successfully decribes the interaction of radiation with matter from the nanosecond range

upwards. For very short interaction times in the femto and picosecond range, the density of the

carriers may be sufficiently high for a subsistence of the plasma at higher temperatures than the

lattice [8, 1O]. In this cas the diffusion of the carriers plays an important role and is

accompanied by a slower energy dissipation which is not limited to the generation zone of the

carriers. For several years, at the beginning of the eighties, this model has also been proposed

for the nanosecond range, and there has been an eager competition between this "plasma

model" and the thermal model. For a good review of the experimental arguments which finally

led to a decline of the plasma model, see réf. 3.

IL HEAT DIFFUSION IN SOLID SEMICONDUCTORS

For heat sources with pulses superior to the nanosecond it appears to be practical to

introduce a criterion which allows a classification of the different regimes.

1. Classification of the processing regimes

Two procedures are possible in order to establish a criterion for the classification : one

classifies the regimes as a function of the depth reached by the heat distribution during the
annealing time T
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Ax = /Dx (5)

where D is the thermal diffusion coefficient.

Another way of classification is by means of the response time t of the material

(6)

with d the sample thickness or the heat diffusion length.

For silicon the thermal diffusion constant varies from 0.8 cm2/ at 250C to 0.1 cm2/s at 140O0C

[1 1]. Thus the response time of silicon covers the range from t = 5 x 10"** s for D = 0.2 cm2/s

and d = 10 \ua (Le. a thermal diffusion length largely sufficient for annealing an implanted

junction) to t = 7 x 10~3 sec for d = 375 ̂ m, which is a typical wafer thickness.

The criterion of the penetration depth of heat Ax allows to distinguish three cases.

- the depth Ax is comparable to the absorption length of the light pulse (adiabatic

regime).

- the depth reached by the heat distribution is comprised between the absorption zone and

the sample thickness (thermal flux regime).

- the depth is comparable or superior to the wafer thickness (isothermal regii-ie).

These three thermodynamical regimes are illustrated in Fig. 1 .

2. Description of the different thermodynamic regimes

a - The adiabatic regime (10~9 - 10~6 s)

This regime preponderates for short pulses in the nanosecond range. The absorbed

energy is maintained near the absorption length of the light, such that the temperature rises very

rapidly in this zone and induces melting in a superficial layer. The melt depth is only a function

of the pulse energy density. The losses by radiation or convection are negligible.

b - The thermal flux regime (IO"6 - 10~2 s)

The temperature profils are determined by the diffusion of heat beyond the absorption

zone of the light which provokes temperature gradients parallel and vertical to the surface, when

punctiform or linear sources are used.

The temperature of the sample decreases when radiative losses begin to play a role which is

increasingly important at longer pulse durations. Convection losses are still negligible and both

modes, liquid-phase and solid-phase, are possible for the surface layer in this regime.
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Figure U.S. Incident energy distribution in a semiconductor wafer subject to pulsed heating

with an intense light [9].

Figure H.6. Schematic representation of the spatial distribution of the energy in the beam in

the case of solid and gaseous lasers.
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c - The isothermal regime (> 10'2 s)

This regime appears when the pulse duration is sufficiently long for creating a uniform

temperature distribution over the sample. All the loss mechanisms mentioned above determine

the temperature distribution in the sample during the whole thermal cycle. Two phases can be

distinguished during isothermal processing : the transient equilibrium at the beginning and the

end of the cycle and the stationary regime. At the beginning of the first phase the absorbed

power exceeds the power lost by the various mechanisms such that the temperature of the

sample increases permanently in function of the irradiation time. This increase in temperature

accentuates rapidly the radiation losses which are proportional to T^. Consequently, an

equilibrium between absorbed power and loss is established. This regime is characterized by

the fact that the temperature of the sample is independent of time in the stationary phase.

III. SOLUTION OF THE HEAT EQUATION FOR A SOLID

SEMICONDUCTOR

Theoretical considerations and experimental evidence led the physiciens to the

assumption that intense light absorbed by a semiconductor is instantaneously converted into

heat from the nanosecond range on upwards. The heat diffuses into the material following the

heat equation which contains a source term. This partial differential equation is of parabolic

type, non-homogeneous and non-linear. This Ie' point implies that analytical solutions can

only be obtained in special cases ; otherwise numerical integration has to be used, based on the

method of finite differences.

The evolution of the temperature in an irradiated sample is intimately related to the

absorbed energy (determined by the optical parameters of the material and the characteristics of

the light source), the heat diffusion characteristics (determined by the thermal parameters of the

semiconductor) and the pulse duration. The absorbed energy produces a dynamic thermal

variation in the material so that the temperature dependence of the optical and thermal

parameters must be well known. Actually, many of these parameters are only known in a

limited temperature range and have to be extrapolated from the experimental data. In the case of

an implanted layer, the amorphization at the surface has to be taken into account as well as the

presence of impurity atoms. The thermal properties of this kind of material are not known with

exactitude, especially at high temperatures where recrystallization effects impede a conventional

measurement of those parameters.
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1. The source term

The heat equation contains a source term which describes the absorption of the incident

radiation which is supposed to be converted instantaneously into heat. This term depends on

time, on space, on temperature and on the wavelength.

In the case of the adiabatic regime (pulsed lasers), which is characterized by a narrow

wavelength band, the problem can be simplified by supposing that the diameter of the pulse

(1Q-2 - 1 cm) is much larger than the heating depth of the crystal (< 1 |im). Effects at the border

of the irradiated region can now be neglected, and the problem reduces to a one-dimensional

one. The source term is then written as

G(x,T,t) = P(t) (1 - R) Ot(T) e-aCDx (7)

where P(t) designates the spatial distribution of the beam which in the case of solid laser, such

as the ruby or the Nd-Yag, is gaussian. Excimer lasers which are gas lasers show "hat-like"

profiles (Fig. 6). In the thermal flux or isothermal regime, one has to take into account,

moreover, the wavelength spectrum of the light source as in the case of incoherent sources (e.g.

halogen or xenon lamps) [9] :

G(x,T,t) = g(T,d) aIn (1 - R) f(t, T ) a (X1T) e a I (X5T') dX (8)
O p'

where X(T) is the cut-off wavelength at the absorption edge (which depends on temperature via

the temperature dependence of the bandgap), Tp is the pulse duration, a (X, T) the absorption

coefficient, R the reflectivity, d the wafer thickness, I (X, T') the light source spectrum at the

temperature T', I0 the exposure light power density, and f (t, Tp) the temporal profile of the

light pulse. The factor g (T, d) is a normalization factor. The total absorbed power can be

obtained by integrating over the sample thickness.

2. The choice of the material parameters in the case of silicon

The physical properties of the material enter the heat equation as parameters and thus,

play an important role. A knowledge of these parameters as a function of temperature or of the

wavelength, in the case of optical parameter, is crucial for a numerical solution of this equation.

For crystalline silicon, these material properties are quite well known, but already the simple
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Melting Model Parameters

; Parameter : Material : Valus and [ref]

Î

Density

9 (gr/cm3)

C - S i

a -Si
1 -Si
glass

Meit latent c -S i
heat a - Si

; H (cai/gr)

Melting
temperature

TM (K) •

Thermal
conductivity

k(cal/s.cm.K)

Specific heat

Cs (cal/gr.K)

c - S i

a -Si

c - S i

a -Si
1 -Si

glass

c -S i

a -SI

I -Sl
glass

2.32 [1] [16]

2.2 [I]
2.52 [16]

2.2

"30 [1] [16]

3 Î 5 [1]

1633 [1] [16]

1420 [17]

f 364 I-' -226 ; T < 1200 K )

I ['6]

[ 2. I5T-0-502 ; T > 1200 )

0.0043 [16] [18] and text
0.12 -^7 x ID-5 (T-TM) [I]

[Z. 4 x ID-3 +3.1 x 10~6 ; T<ll7o)
> KZH26]

[6x10-3 ; T>1170) and text

( 0.044 exp (4.5 x 10 -3 T) ; T < 3CO )
{ } [16]

(0.166 exp (2. 375 x IQ-4 T) ; T >300 J
T

1685

0.25 [1]
0. 169 + 7. 14 x 10-5 T [23] and text

ArF(193nm) KrF (248nm) Xe Cl (308)

Reflectivity c - Sl 0.60(measured) 0.66 1 .8xlO~5T [8] 0.59+4. I 0-5T [2]
R a -Si O. S3 (measured) O.S5 [6] 0.55 [6]

(See text) 1 - Sl 0.679 [2] 0.695 [2] 0.591 [2]

Absorption \ c -S i (l -65xlo6 ; T<ICOO K 1 .7x106; T<!000 I .44x1 06exe(2. IxIO-11T;
ft ; T^lOOO

Ct(Cm-') (l .8xI06 ; T> ICCO I .SxIO5; T>10CO 1 .6x1o6 T> ICCO
(see text) a -Si I 1.5 x 1Q6 [6] 1.5 x 10« [5] 1.5 x 106 [6]

1-Si l .67x !06 [2 ] 1 .56x l0 6 [ 2 ] 1 .46x100 [2]

Table ILl. Thennal and optical parameters of silicon. The references refer 10 those of
ret [121.
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case of an amorphous layer at the surface poses some problems as the properties of amorphous

silicon are far more difficult to measure and are less well known. Table I [12] presents a

compilation of the commonly accepted data.

Some remarks have to be done. First, on the thermal parameters. The thermal properties

of crystalline silicon are fairly well known, and there is a beginning agreement on the thermal

properties of a-silicon although, several years ago, even the melting point of cc-silicon was

subject to discussion. The parameter which seems to be the most uncertain today is the thermal

conductivity of amorphous silicon although it enters modeling in a very critical way. It is this

parameter which determines the heat flow from one region to another. It is known today within

a factor of two. One should notice that the melting point, the latent heat of melt as well as the

thermal conductivity are considerably lower in a-silicon than in crystalline silicon. This implies

that the absorbed heat is more easily confined and the melting is achieved in amorphous silicon

at lower incident energy densities.

Similar uncertainties as in the thermal properties occur in the temperature and wavelength

dependence of the optical properties (Table 1). In ths ultraviolet, however, the situation is

somewhat more lucky. The reflectivity (Fig. 7) as well as the absorption coefficient (Fig. 9) are

relatively independent of temperature. The absorption at these wavelengths is also nearly equal

for amorphous and crystalline silicon. At other wavelengths, for example in the case of the

Nd-Yag laser which emits its light in the near infrared, the situation is much less favourable.

Furthermore, the reflectivity depends also strongly on the implanted species and dose (Fig. 8)

and can vary from one sample to another. For isothermal processing an exact knowledge of the

emissivity as a function of temperature and wavelength is necessary for correct modeling and -

most important - for a correct determination of the wafer temperature during the heating cycle

by infrared pyrometers.

IV. THE DYNAMIC THERMAL BEHAVIOUR OF SILICON OBTAINED BY
MODEL CALCULATIONS

The heat flow equation has in its one-dimensional vei îlon the following form

,9,

Cp(T) is the specific heat, p the density of the material, k(T) the thermal conductivity and

G(x,T,t) the source term.

With appropriate boundary conditions which take, for example, into account radiative and
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convective losses in the case of isothermal processing [9], it can be numerically integrated. In

the following, we present some typical results of these model calculations.

1. Adiabatic regime

Fig. 10 illustrates the evolution of the surface temperature as a function of time for an

ArF excimer laser with a pulse duration of 23 ns. At an energy-density of 600 mJ/cm^ the

surface is already well molten but the temperature stabilizes as the absorbed energy is converted

into latent heat. Only for higher energy densities the temperature of the liquid will rise further

on. UV laser light is absorbed within several hundred Angstrom from the surface but the melt

may extend many times further into the volume due to heat conduction towards the solid (Fig.

11). The melt will be maintained for times up to 100 ns even when the laser pulse has already

stopped.

Several factors play a more or less important role in the dynamics of the melting front.

Fig. 12 and 13 show the influence of the pulse shape and duration. The pulse shape is

not a very critical parameter. The pulse duration, however, influences very strongly the melting

depth. When the pulses are long the melt front penetrates less into the volume due to the fact

that the same energy is more spread out in time.

A higher substrate temperature implies that less energy density is needed to melt the

surface (Fig. 14). Working at higher substrate temperatures is not only advantageous when the

laser energy is not sufficient to melt the surface ; it also helps to avoid lateral stresses due to the

small size of laser spots and vertical stresses due to the high speed of the melting front.

Of great importance is the presence of an amorphous layer at the surface. In the

preceding sections we saw that amorphous silicon leads more easily to melting as a

consequence of its reduced thermal parameters. The melting threshold for amorphous silicon is

therefore commonly lower for all types of laser, from the UV to the IR. Fig. 15 and 16

demonstrate this feature for the KrF and the XeCl excimer laser. In chapter HI we will discuss

more in detail the case of the ArF laser. There is nearly a linear relation between laser energy

density and melting depth. This, however, is only true for infinite or very thick amorphous

layers. When the a-layer thickness is more and more decreasing, the melting threshold

increases as the crystalline substrate, with its higher thermal conductivity, is now closer to the

surface (Fig. 17). Similar behaviour is observed for other lasers. In the visible and infrared

there might also be an optical reason : only one part of the energy is absorbed in thin

amorphous layers, the other part is dissipated in the crystalline substrate.
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Figure n.7. The reflectivity of solid Ge and Si as a. function of temperature at three

différent wavelengths Qn run). The dotted lines represent linear extrapolations of the data to the

melting point, the closed dots refer to the reflectivity obtained at the transition from solid to
liquid [13].

Figure II.8. Variations of the reflection of silicon for unanalyzed ion implantation with
different species and doses [U].
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Figure 11.10. Hie time dependent temperature at the surface of crystalline silicon irradiated

with a pulsed AiF excimer laser at different energy densities [16].

Figure 11.11. Crystal silicon melting front dynamics. Calculations for X = 193 nm and 308
nm with the laser energy density as a parameter. Pulse length 20 ns (FWHM) [12].
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Figure 11.12. Effects of die pulse shape on the melt-front profiles (Q-switched ruby laser,
FWHM 50ns) [17].

Figure 11.13. Influence of the pulse length. Crystalline silicon melting front dynamics for

X = 193 ran (ArF) and FWHM 20 and 50 ns. Parameter is the laser energy density [12].
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Figure 11.14 Effets of substrate heating on melt-front profiles for a IS ns, 0.82 J/cm-

Q-switched ruby pulse [17].

Figure 11.15 Melting depth versus laser energy for \ = 248 nm (KrF) and FWHM 32 ns

for amorphous and crystalline silicon. Comparison of theory and experiment [12].
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Figure 11.16 Melting depth versus laser energy for X = 308 nm (XeCl) and FWHM 30 and

70 as for crystalline silicon. Comparison of theory and experiment [12].

Figure 11.17 Ct-Si melting threshold energy versus a-Si layer thickness. Calculation and

experiment for X = 193 nm (ArF), FWHM 20 ns [121
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Figure 11.18 Kinetics of the melt front for a 50ns ruby laser pulse on a 2000 À amorphous

silicon layer [18].

Figure 11.19 Calculated mean value of solid-liquid interface velocities for the final 1000 A

of resolidification as a function of maximum molten thickness (and laser energy densities) for

pulse lengths of 15 and 50 ns [19].
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Figure 11.20 Solid-liquid interface average velocity for a 1000 A molten Si layer as a

function of pulse duration for ruby (a-Si and c-Si) and UV lasers [18].
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The kinetics of the melting process is depicted in Fig. 18 for a 2000 A thick amorphous

layer which is irradiated by a 50 ns ruby pulse. Between 0.8 and 1.15 J/cm^ the whole

amorphous layer is already molten but the energy density is not yet sufficient to melt the crystal.

Only at densities high enough to reach the melting point of crystalline silicon the melting front

continues penetrating the bulk.

Very important for phenomena as impurity redistribution [19,20], supersaturated solid

solutions [21] and amorphous regrowth from the melt [22] is the notion of a liquid-solid

interface velocity. This velocity is determined by the rate at which heat is extracted from the

interface towards the volume. This rate depends on the thermal gradient 9T/9x just behind the

interface. The interface velocity is then defined as

V._JL_(*T| (10)

were k is the thermal conductivity in the region of the interface, p the density and AHm the

latent heat of melt

As we already saw above, the liquid-solid interface velocity depends on the substrate

temperature and the pulse duration. It is lowest for high substrate temperatures and long pulse

durations and highest near the melting threshold (Fig. 19). The dependence on the pulse

duration is shown in Fig. 20.

2. Isothermal and thermal flux regime

We have reported on Fig. 21a the distribution of the absorbed energy for different

radiation sources : a scanned continuous ruby laser, a Xenon flash lamp and a halogen lamp.

The laser is absorbed within 3 u.m of the surface whereas the spectrum of an incoherent light

source is absorbed in a zone which is at least twenty times larger. The sample temperature was

risen to 130OK by the beam. The evolution of the heat distribution with the sample temperature

(inset b, in Fig. 21) is due to the temperature dependence of the optical properties of silicon and

the generation of free carriers which intensify absorption

The diffusion of the into heat converted absorbed energy appears, when the pulse

duration exceeds 10~6 s and the losses by radiation and convection begin to play a role . They

are taken into account in the heat equation by appropriate boundary conditions [9].
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x = 0

(U)

where eg is the effective emissivity of the material, a the Stephan-Boltzmann constant, T5 the

temperature of surrounding surfaces, TA the ambient temperature, a^ the coefficient of

convective heat loss and d the sample thickness. The heat equation must be solved by numerical

methods.

Fig. 22 shows how the temperature profile evolves in a sample with the pulse duration as

parameter. For short pulses (10~5 - 10'3 s) the thermal gradients in the sample are important.

For longer durations (10"^ - 10~2 s), however, the temperature distribution in the sample is

nearly uniform. As an implanted layer rarely exceeds 1 urn, it is preferable to determine the

temperature at the surface. Fig. 23 and 24 illustrate the evolution of the surface temperature of a

silicon wafer with pulse duration. Parameters are pulse energy or wafer thickness.

When the pulse duration exceeds 10"2 s, we saw that the temperature is nearly uniformly

distributed in the sample (T independent of x). This is the isothermal regime. Losses by

radiation become predominant in this case. Fig. 25 shows how the effective emissivity

determines the sample temperature. When the lamp power (measured by a calorimeter) and the

sample temperature (measured by a thermocouple) are determined independently, these sets of

curves can be used to calculate the effective emissivity. With these curves, it is also possible to

calculate, as a cross check, the sample temperature as a function of time (Fig. 26) and compare

to a thermocouple output It is not astonishing that curve number 2 is close to the theoretical

profile : this was the input for the determination of the emissivity. The thermocouple which just

touched the sample, however, is in considerable disaccord with the calibration.

Today, most commercial machines measure the sample temperature via pyrometers which have

been calibrated with thermocouples.

In the following two chapters we present experimental results that have been obtained by

two transient methods. Chapter III treats with the adiabatic regime (ArF excimer laser) and

chapter IV with the isothermal regime (rapid isothermal processing, RTP).
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Figure 11.21 AbsoAed powcrdepth profiles in silicon at ths temperature of 1300 K induced

by (a) different light sources and (b) at different temperatures by halogen lamp radiation. The

exposure power density is 35 W/cm2 [9].

Figure 11.22 Relative temperature as a function of depth in a 3SO urn thick Si wafer heated

with ruby laser (solid lines) and xenon flash lamp (dashed lines) at ihe energy density of 5

J/cm2 for 10-5 to IO'2 s [9].
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Figure 11.23 Surface lemperaiuie for a 380 nm thick Si wafer as a function of Xenon flash
lamp pulse duration for energy densities from 50 to 145 J/cm2 (T0=300 K) [9].

Figure 11.24 Surface temperature of silicon wafers wiih the thicknesses of (1)200, (2)380,

(3) 800 (im as a function of xenon flash lamp pulse duration (T0 = 30OK) [9],
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Figure 11.25 Induced temperature versus light power density for a 380 (im thick silicor.

wafer 15 s heated with halogen lamp irradiation (Parameter : effective emissivity) [9].

Figure 11.26 Temperature and temperature rate vs. time for 1S s heating of a 380 |tm thick

silicon wafer with light from a halogen lamp at the power density of 15 W/cm2. ( 1 ) calculated

for E6 = 0.4, (2) measured by a welded thermocouple, (3) measured by a supporting

thermocouple [9].
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Chapter III

EXCIMER LASER PROCESSING

Résumé du chapitre m

Le recuit laser, grâce à une fusion brève très superficielle du matériau, ne modifie pas les
propriétés de transport dans la base du matériau. Nous avons donc utilisé ce mode de recuit associé à
l'implantation ionique pour former la jonction, ainsi qu'une couche d'oxyde sous une atmosphère
d'oxygène dans un processus entièrement à froid pour le volume.
Nous avons choisi, pour nos études, un laser UV dont l'énergie est rapidement absorbée dans le
silicium, c'est-à-dire un laser puisé excimère ArF émettant à 193 nanometres.

n résulte de notre élude que la filière de réalisation d'une photopile entièrement à "froid" à
l'aide d'un laser excimère, bien qu'elle soit parfaite pour le maintien de la longueur de diffusion des
porteurs dans la base, se heurte à diverses difficultés qui nécessitent un traitement thermique à une
températoire voisine de 60O0C. De plus, les couches d'oxyde obtenues par cette technique ne sont pas
satisfaisantes sur le plan électrique.
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Chapter III
«"•

EXCIMER USER PROCESSING

The passivation techniques mentioned in Chapter IV in general demande processing

temperatures in excess of 80O0C. Similar temperatures are necessary for annealing implanted

layers, dopant diffusion or back surface field junction formation. These high temperatures have

deleterious influence on initially high minority carrier lifetimes in the volume of the material

(even if there are some partial remedies as phosphorus gettering). Theoretical considerations

[Réf. 1.21] suggest that at temperatures higher man 300-40O0C thermal treatment might induce a

fundamental defect in silicon. On the other hand, high temperature oxidation induces lattice

defects as stacking faults which might deteriorate the junction characteristics of the solar cell [1,

Réf. 1.3O]. From these considerations it is interesting to study the possibility of "cold" solar cell

manufacturing by means of excimer laser processing which leaves the volume of the cell

untouched. The solid-state lasers, Ruby and Nd-Yag, which were used extensively at the

beginning of the eighties for this purpose, suffered from several essential drawbacks :

- the beam was not very homogeneous as a consequence of the fact that only a small

number of oscillator modes contributed to the beam. In the case of the ruby the beam was

gaussian. In the case of the Nd-Yag it had to be focused to diameters as low as 100 |im to

obtain sufficiently high energy densities.

- the light was very coherent so that each obstacle (lenses, dust particles, etc ...) led to

interference fringes on the sample.

With the advent of excimer gas lasers renewing interest was directed towards laser processing.

These lasers are excited by the glow discharge of a gas mixture which is ignited by high

voltage. Due to a large discharge volume and the short wavelength involved the optical cavity of

an excimer laser can support many oscillation modes. The beam becomes more uniform and

less coherent.

The word "excimer" is derived from excited dimer, which means a diatomic molecule. Their

laser action is derived from the fact that two atomic species such as a noble gas and a halogen

can form diatomic molecular states which are stable in an excited state but repulsive in the

ground state (Fig. 1) [2]. Thus, after decay from the excited state, the ground state is depleted

automatically. Excimer lasers can have output areas greater than 10 cm^ and very homogeneous

beams. The use of excimer lasers has exploded in the last few years, and they are employed for

a variety of processes. Excimer laser photolithography, photo-assisted CVD and annealing of

implanted layers are only a few examples in a long list [3]. The most commonly used types of

excimer lasers are the XeCl (308 nm), the KrF (248 nm) and the ArF (193 nm). The absorption
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Figure IH.1. The laser action of excimer gas lasers occurs via diatomic molecules which

have an attractive potential in the excited state but a repulsive potential in the ground state [4].
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coefficient in this region of the spectrum is of the order of 10̂  cm'1 so that the light is absorbed

within several hundred Angstrom from the surface.

BARTA : Junctionfarmation

I. EXPERIMENTAL DETAILS

The laser which we used in our work was an ArF gas laser from Lambda Physik

working at 193 nm with a pulse duration of 20 ns and a trapezoidal pulse shape. The beam at

the output was rectangular with approximate dimensions of 25 x 7 mm^. The beam was slightly

divergent, and the energy density at the output was maximal 180 mJ/cm^ per pulse. The beam

profile in both directions is reported in Fig. 2a and b. The profile is quite flat along the

horizontal (longer) side although some non-uniformities appear. In the vertical direction the

profil had only a very small plateau of about 2 mm. With a homogenizer developed in our

laboratory [4] the beam could be made "more rectangular" (Fig. 2b) at the expense of a more

divergent beam and a very restricted geometry for placing the samples. In order to obtain high

energy densities the beam was focused by a cylindrical lens. We could compress with the lens

either the vertical or the horizontal dimension of the beam but mostly we used the first

possibility so that it was the small side of the beam with was focused. The borders of the beam

were cut by a diaphragm. At the sample surface, we had typically a strip of 18 x 1 mm^. In this

way energy densities up to 1.5 J/cm- could be achieved. At high energy densities, however,

problems arose from the fact that the non-uniformities of the beam were amplified and that

interference effects occurred at the borders of lenses and diaphragms.

The laser output could be manually triggered or worked at a fixed frequency up to 80

Hz. The output, however, was a function of frequency (Fig. 3). At higher frenquencies, the

energy density per pulse begins to drop, as the laser is less efficiency at those frequencies. At

lower repetition rates the output was relatively independent of the frequency. Most time we

worked at 10 Hz.

Some problems arose from the stability of the laser in time. The laser had to be filled

once or twice a week with a fresh gas mixture because the gas became less efficient when time

elapsed. Even then, however, a slight drop in the output of up to 10 % occurred when the

experiments covered several hours. As we had no beam splitter, we ensured by measuring the

laser power before and after the experiment that there was no significant drop. Otherwise mean

values were taken. This instability is somewhat a disadvantage of the present excimer laser

generation. At each time the experimental conditions (position of lenses, etc ..) have to be
redeternrined.
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The output power was measured by means of a Scientech 362 power meter. In order to convert

from power to energy density one has to know the surface of the beam. This is not very easy

and the greatest source of error in the present experiments. The beam had no well-defined

borders and with high concentration ratios the cross section of the beam could only be estimated

within an error of 10 %.
The total set-up is shown in Fig. 4. We worked either in air or in a controlled atmosphere

(under vacuum or under oxygen in oxidation experiments). When larger surfaces were needed

we scanned either the lens or the samples vertically. The scanning speed could be varied so that

the strips were more or less overlapping. For most experime,:'s z 50 % overlap was chosen.

II. JUNCTION CHARACTERISTICS

We characterized the junctions obtained by ion implantation of P, As or PFs (the latter

without mass separation, see Appendix B4) and excimer laser annealing by several methods.

1. Structural characterization

a-Dopant profile

The SIMS (Secondary Ion Mass Spectrometry) technique (see Appendix Bl) shows that

the dopant profiles obtained are quite shallow. This is due to the very small absorption length of

silicon for UV-light Junctions as thin as 1500 A (at 101^ cm"3) are achieved (Fig. 5 and 6).

Due to the scanning, however, the profiles are not uniform. Fig. 6 compares the dispersion

measured by SIMS on as-implanted and laser annealed samples. With the advent of excimer

lasers with greater output area and the use of a beam homogenizer this should be less a

problem.

b - Melting threshold

In the case of an amorphous layer there are two important thresholds :

Besides the recrystallization threshold (Le. the laser energy where the entire amorphous layer is

recrystallized) there is the melting threshold (i.e. the point where the surface starts melting).

This threshold naturally lies below the recrystallization point. A very elegant method to

determine this threshold is by means of time-resolved reflectivity measurements (Fig. 7) with a

secondary laser, e.g. a He-Ne laser (633 nm). This technique relies on the fact that the

reflectivity of liquid silicon is much higher than the reflectivity of c-Si at the wavelength of the

second laser [6, 71. From these experiments it is somewhat difficult to define exactly the

melting threshold (see Fig. 8). The beginning of the change in reflectivity (curve 1) could be



88

- 18Oh

OO

ID
Ql

160

HO

120

O 10 20 30 40 50

LASER FREQUENCY IHzI

Figure UU. Frequency dependence of the ArF excimer laser output.

Figure III.4. Geometry for large area scanning.

RECTANGULAR
LASER BEAM

CYLINDRICAL
LENS

SCANNED
SAMPLE

SUCCESSIVE
LASER SHOTS



89

a)

9x10

to
z:
o
i—
«t

PHOSPHORUS 15keV 2xl015

9x10

9x10

9x10
150 300 450 600

DEPTH IA]

750

Figure m.5. Calculated implantation profile for (a) 31P, 15 keV, 2 it 1015 cnr2 and (b)
75As. 20 keV. 2 x 1015 cm'2.

b)

10

10

21

20

1019

10

10

18

17

10
16 ARSENIC 20keV 2x 1015

150 300 450

DEPTH ( A ]

600 750

103



90

m

u
O
U

10'

10

10*

As+ 20keV 2E15cnT2

ArF 66OmJ/cm

50 100 150
DEPTH (run)

Figure III.6. Dopant profiles as implanted (o) and after AiF annealing at 660 mJ/cra2 in
the scanning mode (other symbols).

104



91

Interference
filter

x-y-ï variable
lensc sa-irlc- hcider

hij.-.-spced biplanar
phctc-diooe

Figure III.7. The time resolved reflectivity technique [6].
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attributed to the onset of surface melting, whereas curve 2 corresponds to the laser energy

where the thickness of the molten layer exceeds the penetration depth of the secondary laser [7].

When the energy is sufficiently high then the surface is molten for up to 100 ns, and the

reflectivity stays high during this time.

The melting threshold determined in this way depends on the pulse duration and the

wavelength of the laser (see chapter II). For our laser values of 90-130 rnJ/cm^ have been

determined for thick a-layers and 400 mJ/cm^ for crystalline silicon [7]. Thin a-layers show

intermediate thresholds as we already mentioned before.

c - Crystal quality and recrvstallization threshold

Rutherford BackScattering (RBS) (see Appendix B2) indicates that a nearly perfect

recrystallization can be obtained with the ArF laser. In Fig. 9, RBS spectra have been recorded

in the channeling mode as a function of laser energy for different implantation energies. At a

sufficiently high laser energy nearly all the dopant becomes substitutional. The liquid-phase

epitaxial regrowth of the amorphous layer occurs when the melt front reaches the interface

between crystalline substrate and amorphous layer. Compared to a solid phase epitaxy as in the

case of rapid isothermal processing, the recrystallization behaviour is quite different (see

Appendix B2). In solid-phase epitaxy there is a well-defined decrease of the amorphous layer

thickness with growing temperature. Laser annealing, however, occurs throughout the whole

layer at the same time although not anywhere at the same speed. This has been attributed to

non-uniformities in the beam [8], but the reason lies in the fact that the recrystallization is really

happening simultaneously all over the amorphous layer (see discussion about the microscopic

structure further on). The recrystallization shows a threshold behaviour, i.e. there is a very

sharp transition from amorphous to crystalline behaviour (Fig. 10) due to the phase transition

involved in laser melting. As a measure of the disorder we took the value of Xmul just below

the amorphous layer (Fig. 9).

By implanting As at various energies (20 - 150 keV) we created amorphous layers with

thicknesses ranging from 500 to 2500 A. The threshold energy showed little dependence upon

the thickness of the amorphous layer (Fig. 11). A similar behaviour has also been reported for

other laser types such as the Q-switched ruby (Fig. 12) [9], although there are also reports of a

linear relationship for this same type of laser [8]. The observed independence of the threshold

energy - at least for the thicknesses studied here - is consistent with the fact that the threshold

for melting is shifted to lower laser energies when the thickness of the amorphous layer

increases (see Fig. 11.17). The melting threshold stabilizes only at thicknesses greater than 1500

A. As already said in chapter II, this is due to the fact that the underlying crystalline substrate

has a higher thermal conductivity, and, as a consequence, for small a-layers the heat is more
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rapidly evacuated from the surface. So, higher laser energies are needed for small a-layers to

initiate melting. The optical properties are not likely to change very much with the thickness of

the a-layer as the absorption length of the UV radiation is much smaller than the smallest

a-layer thickness. For other laser types, especially in the near infrared, there might, however,

be a contribution because of the higher penetration depth.

One should not confound the above determined threshold energies for different a-layer

thicknesses with the energies needed to melt a given depth of a very large (or infinite) a-layer

(compare Fig. 11.15). In the first case the thermal (and eventually the optical) parameters are

varying for growing a-layer thicknesses because the underlying crystalline-substrate influences

the evacuation of the laser energy.

In the case of a uniform thick a-layer the situation is different in so far as the thermal properties

as well as the optical do not change. Some difficulties arise, however, for a thick a-layer to

give a correct definition of "melt depth" (see discussion in réf. 10 and the section below on the

microscopic properties of partially recrystallized layers).

We have also reported in Fig. 11 the recrystallization threshold for a scanning of the beam with

50 %-coverage fraction. In this case recrystallization occurs already at lower laser energies as a

50 %-coverage is equivalent to two shots.

d - Microscopic properties of partially recrystallized a-layers

Recent investigations have shown that the usual simple picture of a melt front which

penetrates up to a certain depth and then returns to the surface is a simplification which is valid

only in special situations, for example, when the melt front penetrates to the crystalline

substrate and liquid-phase epitaxy occurs. For lower laser energies the behaviour is very

different, and related to non-equilibrium phonemena. The study of laser annealing between

melting and recrvstallizarion threshold with very genious versions of the above mentioned

ame-resolved reflectivity measurements and Transmission Electron Microscopy (TEM) have

allowed to study in detail the onset of recrystallization and the non-equilibrium phenomena

[U]. In this low laser energy range formation of polycrystalline regions with large and fine

grains occur in the amorphous layer, which, for higher energies, begin to extend towards the

underlying crystal (Fig. 13 and 14). This explains why the RBS spectra show an overall

improvement in the crystalline structure of the a-layer near the recrystallization threshold.

The exact kinetics of the birth of these polycrystalline layers is a very fascinating one

[12]. It is based essentially on the different thermal properties of a-layers compared to X-silicon

(lower melting point, lower thermal conductivity and lower specific heat, see chapter Tf). From

these facts, non-equilibrium phenomena as undercooling of liquid silicon and overheating of
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Figure 111.10. Reciystalliiarion threshold for the four implantation energies of Fig. 9.
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Figure 111.14. Cross section TEM micrographs from ion-implanted (Si, 200 keV. 1.5 x
1016 cm-2) silicon after KrF pulsed laser irradiation with the following energy density (a)
0.20 ; (b) 0.50 ; (c) 0.80 and (d) 1.20 Jem-2 [1O].
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layer on a c-Si substrate irradiated with excimer laser pulses. The diagram shows the evolution

in time. The meaning of the background letters is C : c-Si ; A : a-Si ; M : mixed-phase ; S : 1-Si
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Explosive recrystallization means that the penetrating melting front is only driven by the release

of latent heat in adjacent crystallizing layers [12].
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solid silicon become possible. Nucleation followed by polycrystalline solidification in one part

of the liquid might release sufficient energy in form of latent heat to melt adjacent point. Thus,

liquid layers may be formed which are only driven by the «crystallization behind them and not

directly by the laser pulse (explosive recrystallization).

These phenomena are quite difficult to describe, and under certain circumstances, the

one-dimensional heat-flow model mentioned in chapter II breaks down [12] as three

dimensional heatflow occurs. Complex mathematical modeling has been developed to account

for the observed phenomena, an example of which is shown in Fig. 15. A die beginning only

the surface is molten but afterwards a thin liquid silicon layer is driven inside the a-layer by the

above mentioned mechanism of release of latent heat upon nucleation and recrystallization.

Finally, the structure shown in Fig. 13 and 14 is obtained with large and fine grain

polycrystalline regions.

Other interesting non-equilibrium phenomena occur in the presence of dopant atoms.

Fig. 16 shows what happens when the melting front is moving faster than the dopant diffuses

in liquid silicon. The profile is thus frozen before reaching the maximum melt depth, and very

shallow profiles are obtained in this way.

2. Electrical characterization and active defects

a - Sheet resistance

The four-point probe technique was employed to determine the conductivity of the

annealed layers (Fig. 17). Arsenic was used in most cases for the implanted species as it can be

seen very well by the nuclear techniques. The energy was chosen at 20 keV so that very

shallow implantation profiles can be obtained (Fig. 5 and 6).

With growing laser energy the sheet resistance decreases. This is a consequence of two

effects. First, with increasing energy more dopant enters substitutional sites and becomes

electrically active and, second, the junction depth increases with higher laser energy densities.

When the energy was sufficiently high (> 550 mJ/cm2) so that all dopant atoms were in

substitutional positions, the second effect was the only left.

Higher doses imply lower sheet resistances, and it is known that laser annealing can activate

dopant to very high doses (up to 5 x 1016 cm"2), exceeding even the solubility limit of the

dopant in thermal equilibrium [S]. This is especially true for excimer lasers with its very fast

moving liquid-solid interface. Upon subsequent thermal treatment, however, the excess dopant

will precipitate irreversibly. With a dose of 2 x 101^ cm'2 we obtained sheet resistances as low

as 100 Û/D on high resistivity substrates. The sheet resistance of an identical layer dropped to
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40 Q/Qwhen measured on a less isolating substrate (Fig. 18). In those cases, the substrate

contributes considerably to the measured value.

In order to study the influence of the coverage fraction during scanning, we varied the laser

frequency at a fixed scanning speed (Fig. 19). This was easier to perform than the inverse.

There was nearly no dependence of the sheet resistance on the coverage fraction. Only when the

coverage was not complete or close to zero variations occurred. A slight decrease of the sheet

resistance, however, was observed with increasing coverage due to a larger redistribution of the

dopant.

In summary, it was quite easy to obtain a given sheet resistance by varying the

implantation parameters or the laser energy.

b - Implantation tail defects

The junctions obtained with excimer laser annealing alone have very low open-circuit

voltages of the order of 250 mV and consequently high reverse saturation currents. This is due

to the small penetration depth of the excimer lasers. Each implantation at high doses, which are

characteristic for solar cells, does not only form an amorphous layer but also leaves over an

implantation tail of lattice defects behind the a-layer due to channeled ions. This tail cannot be

avoided, even by implanting several degrees off the crystal axis. The laser does well

recrystallize the a-layer but leaves behind the defects in the implantation tail which extends far

into the volume. This is particularly true for excimer lasers, which have a very small

absorption length, but has also been observed fcr other types of lasers (Fig. 2Oa and b). These

defects lie in a very sensitive region of the device close to the junction and contribute to the

recombination in the space charge layer and the adjacent base. They are present in very high

concentrations and explain by this fact the low open-circuit voltages. Some kind of thermal

treatment becomes necessary to anneal the defects, and even quite low temperature anneals in

the 500-70O0C range reveal to be sufficient. Fig. 21 shows an example with PFs implants at

5-15 keV without mass separation. The open-circuit voltages are more than doubled with a

rapid thermal anneal. At 70O0C, however, the defects induced by the rapid annealing become

remarkable (see chapter AV). The figure illustrates the compromise between the influence of the

implantation tail at lower annealing temperatures (50O0C) and the RTP induced defects at higher

temperatures (70O0C). On arsenic implanted samples values up to 580 mV have been obtained

with the combination of excimer laser processing and RTP.

The presence of the implantation defects left over by the excimer laser annealing is

shown by the following experiment. Some of the PF5-implanted samples underwent a RTP

annealing step in the cited temperature range before laser annealing and others afterwards.
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Both, pre-and post-annealing, were equally effective in annealing the defects. So the defects

come clearly from the ".uplanted layer and are not laser-induced. This low-temperature anneal,

is, in general, "automatically" included in the processing sequence of cell manufacturing in the

form of Ti-Pd-Ag contact sintering [15,16] or thermal oxidation for passivation with an Si(>2

layer [17].

c - Laser related defects

A thermal treatment at temperatures up to 60O0C is necessary for another reason : the

laser itself introduces defects (Fig. 22) [18]. These defects are due to lateral stresses and the

steep thermal gradients during annealing. These defects are present in smaller concentrations

than the above mentioned implantation defects and are not observed very easily. On virgin

silicon we did not succeed, up to now, to obtain correct Schottky-diodes on laser-irradiated

samples for Deep Level Transient Spectroscopy (DLTS) analysis ; the surface is highly

degraded due to the rapidly moving liquid-solid interface. By irradiating oxide-covered

samples, however, the defects of Fig. 22 are observed. They can eventually be avoided by

rising the substrate temperature to 60O0C during laser-annealing (see chapter IT), as it has been

shown that is is the rapidly moving interface which is responsible for the introduction of defects

which have been identified as structural defects. Thus the temperature stress at the surface is

greatly reduced.

Anyhow, a thermal treatment during or after laser annealing seems necessary although a better

understanding of the nature of laser defects might show some way for avoiding them.

A final remark : All of the above experiments were carried out in air. It has been observed that

oxygen was incorporated into the junction during annealing (see part B), and oxygen has also

been recognized to be responsible for laser-induced defects. Vacuum or a controlled atmosphere

might be a remedy but renders the technique much more difficult to manipulate.

Part B : Excimer laser-induced oxidation

The principal conclusion that can be drawn from the experiments on excimer

laser-processed junctions is that an entirely "cold" processing is not possible but that the

thermal treatment can be limited to the temperature range 500-60O0C. In the approach chosen by

the group at Oak Ridge National Laboratory (Appendix A5) the excimer laser junction

formation process was followed by a thermal oxidation step at 85O0C in order to create a

passivating layer. It would be advantageous to find an equivalent "cold" passivation technique

or, at least, one which does not exceed the temperature range necessary for junction annealing.
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In the following we study the possibility to create a passivating oxide by the same ArF excimer

laser that was used for the junction formation.

A variety of lasers have already been employed in the field of laser-assisted and laser-induced

oxidation of silicon, continuous as well as pulsed lasers at wavelengths from the ultraviolet to

the far infrared. An oxidation is called laser-assisted when thermal oxidation is helped by a

laser, and laser-induced, when the laser is the only source for the oxide growth. Moreover,

laser oxides are not the only dielectric layers which have been created with the help of lasers.

Silicon nitrate layers and others have also attracted growing attention. For a good introduction

in this rapidly growing field see réf. 19 and 20.

I. PHOTONIC EFFECTS

The experiments which have been carried out since several years, especially in

laser-assisted oxidation, gave rise to the hypothesis that light might enhance the oxidation rate,

Le. that there may be a photonic effect.

1. The role of light

The finding which is made in a typical laser assisted oxidation experiment (Fig. 23) is

that the oxidation is accelerated under the beam (Fig. 24). This enhancement is, however, up to

a certain amount, only due to the purely thermal influence of the intense laser beam which

heates the sample under the beam to higher temperatures than the surrounding material. For the

example shown in Rg. 24 (continuous wave Argon laser, visible light), only a small percentage

is due to a photonic mechanism which, in this case, contributes merely as second order effect to

the observed oxidation enhancement In principle it is possible, by a purely thermal modeling of

laser interaction with silicon (as discussed in chapter ÏÏ), to subtract the thermal contribution of

the laser from the enhancement. Due to the uncertainties, however, in the material parameters

and the laser beam parameters (see preceding section and discussion in réf. 19, p. 161), the

photonic contribution has been subject to conversial discussion for some time. Réf. 19 and 20

also provide a good insight into the arguments employed in this discussion. The experimental

evidence, however, that has been gathered in the last five years, allows to conclude to a

photonic mechanism, especially in the ultraviolet where the effect has first been discovered

[21-23].

The photonic effects which are accessible for lasers working at different wavelengths are

shown in Fig. 25. The difference between UV and visible light lies in the fact that electrons can

be injected from the conduction or the valence band of silicon into the conduction band of SiO2,

or that Û2 molecules are dissociated at the semiconductor surface under the laser action. This

last mechanism is only open to the ArF excimer laser. The enhancement factors normalized to
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visible light enhancement (Fig. 26) clearly demonstrate that, at shorter wavelengths, the

different light-induced effects mentioned above become accessible.

2. Models for photonic enhancement

Different models have been proposed to explain the photonic enhanced oxidation. These

models are intimately related to the models which try to explain the purely thermal oxidation of

silicon. It is known, however, that even after 20 years of intense research, the number of

models is still growing in this field (see réf. 19 and 20). It cannot be astonishing that there are

also a variety of models to explain the photonic effects (see réf. 19, p. 164-171). The models,

however, which claim carrier injection from the silicon into the oxide and various oxygen

species (atomic and molecular) diffusing through the oxide towards the interface, seem to be

favorite candidates (Fig. 27) [24-28].

3. Laser-oxidation regimes

The field of laser-induced oxidation is even less known than the laser-assisted oxidation.

One has to distinguish between solid-phase oxidation where the sample temperature is never

raised above the melting point, and liquid-phase oxdiation where the surface is driven into melt.

The first occurs in low-energy continuous or pulsed laser processing. The second has been

observed some years ago when people studied surface melting and annealing with lasers [29,

3O].

We will in the following describe the parameters which determine laser-induced oxide growth

by means of an ArF excimer laser with the accent on an eventual application as "cold"

passivation technique in solar cell design. The experimental set-up was identical to the one

described in the preceding section on the junction formation. Some of the experiments were

carried out in air, others under a controlled atmosphere of oxygen at various pressures.

II. LIQUID-PHASE EXCIMER LASER-INDUCED OXIDATION

It is clear that this kind of oxidation has, at the moment, rather an interest for studying

the occuring effects than for a practical device application. At the beginning of the eighties

people who studied laser annealed junctions, remarked that, as a by-product, oxygen was

incorporated into the junction. At each laser shot, however, only small quantities are included.

So, in order to obtain several hundred A of oxide, a great number of shots is necessary, and

each shot drives the silicon into melt Thus, a considerable change of underlying structures is to

be expected (dopant redistribution, enlargement of the junction depth, etc ...). The RBS

spectrum in Fig. 28 illustrates the redistribution of implanted As after a great number of shots.
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From a device point of view this is inacceptable.

1. The influence of the experimental parameters

Oxidation of virgin crystalline silicon in this way has only been achieved by one group

with considerable oxide thicknesses [32-35]. This group worked near or above the melting

point of the surface. With several thousand laser shots (XeCl and ArF) they obtained up to

4000 A of oxide. Their electrical characterization resulted in fixed charge densities of

3-8.10llcnr2 and interface trap densities in the 1011 eV~l cnr2 range which, after a 20 min

anneal at 90O0C in an oxygen atmosphere dropped to 6.1010 cm'2 and 2.1O11 cm'2 eV"1

respectively [32]. Their results, although five years old, could not be reproduced up to now by

any other group.

Amorphous silicon is more easy to oxidize. There is a considerable influence of the

implantation parameters (implanted dose and energy, implanted species) and the laser

parameters (number of shots, laser energy density) (see Fig. 29-31).
It appears that high dose implantations induce higher oxide thicknesses, a behaviour which is

similar to that observed in thermal oxidation. High doses (> 10^ cm"2) are necessary to

observe any appreciable oxidation effect. The implanted species seems to have also a very

strong influence. Implantations of fluorine ions enhance particularly the oxidation rate. The

detailed mechanism, however, by which the dopant interacts with the oxidation has not yet been

established. Propositions have been made to explain this behaviour by the segregation

characteristics of the impurity atoms at the silicon-oxide interface [19].

The laser parameters are equally of importance for the final oxide thickness. Several hundred

laser shots are necessary in the liquid-phase regime before appreciable oxide growth occurs

(Fig. 31). The laser energy is a second critical parameter (Fig. 3Oa, b). Substantial oxide

growth will take place when the laser energy exceeds the melting threshold for amorphous

layers (90-130 ml/cm2). The oxide thickness passes then through a maximum and decreases

again for laser energies high enough to recrystallize the amorphous layer with one or a small

number of shots. This interpretation is confirmed by the fact that for larger amorphous layers

the distrubtion has its maximum shifted to higher laser energy densities (Fig. 3Ob). This

behaviour has been explained by a fact mentioned in a preceding section : at energies below the

recrystallization threshold only a partial reordering of the amorphous layer occurs (formation of

polycrystalline regions). These polycrystals may enhance the introduction of oxygen along the

grain boundaries [37], a mechanism which is not active in entirely recrystallized layers.
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2. The oxide quality

The interesting question is naturally whether these oxides have device quality. Infrared

transmission (IR), RBS, Transmission Electron Microscopy (TEM) and SIMS have been used

to characterize the oxide layers (Fig. 32-36).

Fig. 32 shows the infrared spectra of several laser-induced oxide layers compared to a

thermal SiC>2 (T-SiO2). The maximum of the Si-O stretching band is with 1075 cnr* close to

the position of thermal stoichiometric SiC>2, but a broadening of the peak is observed with an
assymetric "shoulder" on the high-frequency side. In the literature, the position of the stretching

band is generally related to the stoichiometry of the oxide, whereas its width is characteristic for

constraints at the Si-SiO2 interface [39]. Thus, the shoulder in the infrared spectra of

laser-oxides may have its origin in defects at the interface between oxide and silicon due to the

melting of the silicon surface in the liquid-phase regime [36]. Fig. 37 illustrates also the

influence of the number of laser shots and of the laser energy density.

RBS analysis (Fig. 33) reveals that the composition of the oxide is approximately

stoichiometric but the interface region is very enlarged. The RBS spectra do not show an uprupt

edge which is observed for thermal SiO2 but a smooth transition. This fact indicates that the

interface region has been "smeared out" over a considerable distance. The RBS spectra show

again the strong redistribution of the dopant, as well as an important loss of dopant atoms.

Transmission Electron Microscopy (Fig. 34) reveals that the surface of the oxide is of

bad quality. The oxide thickness is not uniform at all (which can already be seen by visual

inspection). This might be explained by inhomogeneities in the laser beam which are enhanced

by a great number of shots. Scanning of the spot may remove the inhomogeneities. There are

large holes in the structure (Fig. 34c), and the whole oxidation process seems to be due rather

to an incorporation of oxygen atoms into the molten silicon layer than to a controlled oxide

growth. It is clear that it is difficult to speak of photonic effects in this case because the

comparison with conventional solid-phase thermal oxidation is difficult. These results seem to

be in contrast with the finding of infrared and RBS analysis that the oxide is quite

stoichiometric. One should not forget, however, that both techniques integrate over an area of

about a mm^ and over the oxide thickness, whereas TEM reveals microscopic aspects. The

TEM micrographs show also the creation of the polycrystalline regions in the amorphous layer

mentioned in the preceding paragraph which occurs at energies between melting and

recrystallization threshold (Fig. 34b).

The mass spectroscopic analysis by SIMS (Fig. 35 a and b) indicates that more

impurities (e.g. sodium) are enclosed in the laser-oxide compared to a thermal oxide, and it is
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Figure 11137. Influence of a great number of laser shots with energies below the melting

threshold on an underlying recrystallized layer.
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evident that for an electrical characterization (if possible, which is not the case with the structure

shown by TEM), similar precautions and cleaning methods have to be introduced than for

thermal oxidation.

The last fact we deal with in this section concerns the surface roughness after a great

number of laser shots in the liquid-phase regime (Fig. 36) measured by Talystep on the silicon

substrate after etching off the oxide. At 10̂  shots surface roughness occurs up to several

thousand Angstrom which was already observable - to a slighter degree - after only a hundred

shots.

This surface roughness constitutes a major obstacle - with dopant redistribution - for a

concrete application in devices. Such high deformations are incompatible with subsequent

processing steps.

III. SOLID-PHASE EXCIMER LASER-INDUCED OXIDATION

Solid-phase oxidation occurs when the surface of the sample never exceeds the melting

point (which is about 400 mJ/cm^ in our case for crystalline samples). In the solid-phase

regime several of the problems observed in liquid-phase are not present, especially the surface

does not become rough and dopant is not redistributed. Even after 5000 shots on recrystallized

arsenic implanted layers we did not observe dopant loss nor a greater dispersion in the dopant

profiles obtained by SIMS compared to the profiles before oxidation (see also in the preceding

paragraph the discussion on non-uniformities in junction annealing) (Fig. 37).

1. The limited oxide thickness

The main problem arises from the fact that only very thin oxide thicknesses can be

achieved, at least in a reasonable time. Fig. 38 shows the influence of the number of laser shots

on the oxide thickness in different ambients for crystalline silicon. The ellipsometric data have

been converted to thicknesses by supposing ihat the oxide has the refraction index of thermal

SiO2- The oxygen partial pressure has some influence on the final thickness but anyhow it is

limited to about 40 A on virgin silicon after 10^ laser shots. One has to realize that at a

frequency of 50 Hz the number of 10^ shots is achieved in 2000 s or more than half an hour.

And the oxide covered area comprises only several square millimeter due to the limited output

area of the laser. So, it is easy to calculate how much time it will take to cover the surface of a

10 x 10 cm2 wafer which is typical for solar cells. Up to now, it is not very well understood

why the oxide growth is limited.
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2. Thermal or photonic effects ?

However, the thicknesses are to high to be explained by a purely thermal effect.

Following the model calculations the temperature of the sample in Fig. 38 never exceeded

60O0C at such low energy densities. With a 20 ns pulse length and 105 pulses one can calculate

that the sample was at an elevated temperature for a time of the order of a millisecond. Even if

one supposes that the surface stayed longer than the pulse duration on higher temperatures, this

would at best change the duration by one order of magnitude which is still far too short for a

purely thermal explanation. Thus, photonic effects must play some role. However, the reports

of different authors are contradictory. By comparing solid-phase oxidation with an ArF (193

nm) to oxidation with a KrF (248 nm), ORLOWSKI et al. [35] find a dependence of the oxide

thickness on the wavelength (Fig. 39) which would be indication of a photonic effect, whereas

NAYAR et al. [41] did not (Fig. 40). There is also considerable contradiction between the

thicknesses achieved with a given number of laser shots. The first group achieved the same

oxide thicknesses with several hundred shots whereas other groups reported that 10 -̂10^ shots

were necessary. It is perhaps to early to finally discuss the results as the influence of the

experimental conditions is not yet known accurately.

Anyhow, the experimental data results are somewhat confusing concerning the thicknesses

achieved. It is clear that a lower number of shots necessary to form a layer of 50-100 A is very

important in the light of what was said above.

Fig. 41 shows the influence of dopant on the final thickness. The oxidation was performed on

recrystallized implanted layers. The presence of dopant does enhance the oxide thickness but

only starting at concentrations which are out of the range of solar cell applications (doses

> 2.1015 car 2 or concentrations > 10̂ 0 cm"3). One should remember from chapter I that

surface passivation works optimal with a lower emitter concentration.

3. Characterization

It was difficult to characterize these thin oxides with the methods used for the thicker

liquid-phase oxides. Only infrared transmission gave some results which indicate that the oxide

may be stoichiometric (Fig. 42). The best method for a characterization would have been XPS

(X-ray Photoelectron Spectroscopy) which was used by the authors in réf. 35). This technique

is capable of giving detailed information on thin oxides, differently from the nuclear techniques

or even the infrared spectroscopy. For the same reason we did not succeed an electrical

characterization of the interface trap density, the oxide fixed and mobile charge density.
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In conclusion, we can state that this kind of oxidation offers for the moment only a

limited potential for applications in solar cells and in microelectronics. There have been reports

of use in direct growth lithography [41]. For applications as gate oxides higher thicknesses are

necessary and, moreover, the electrical quality has still to be proven, and the contradictory

results concerning the growth velocity to be clarified.

For applications as passivating layers in solar cells there are tvvo serious limitations :

- the oxide thicknesses obtained do not exceed 40 A, at least under reasonable

experimental conditions ;

- the process is a sequential one, i.e. the processing time is proportional to the processed

surface. At least for our laser type the useful beam area is much to small to allow a coverage of

a large area in reasonable time.

These reasons motivated us to concentrate our efforts on rapid isothermal processing, the

results of which will be presented in the following chapter.
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Chapter IV

RAPID ISOTHERMAL PROCESSING (RTP)

Résumé du chapitre IV

Le recuit isothermique rapide travaille avec des masses thermiques réduites et des rampes de
températures importantes, fl peut contribuer efficacement à la diminution des recombinaisons de
surface en assurant la formation de couches d'oxyde de qualité supérieure aux oxydes thermiques
classiques tout en activant correctement un dopant implanté pour former Ia jonction.
Cependant, ce mode de recuit introduit des centres de recombinaison dans la base, de sorte qu'il n'est
pas utilisé pour les dispositifs, comme les photopiles ou les détecteurs nucléaires, qui dépendent
essentiellement de ce paramètre. Nous nous sommes donc intéressés à la nature de ces centres de
recombinaison et à leur élimination, afin d'étudier si cette technique peut s'appliquer à la
fabrication des cellules solaires.

H résulte de notre étude que les centres de recombinaison introduits par la filière à recuit
rapide ne sont pas directement reliés à la trempe thermique, mais consécutifs à la présence
d'impuretés métalliques- De ce fait, ils peuvent être évités par un choix judicieux du matériau et
d'une protection de surface lors de l'implantation du dopant
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Chapter IV
•

RAPID ISOTHERMAL PROCESSING (RTP)

Rapid isothermal processing (RTP) has been investigated since several years as an

interesting alternative to conventional thermal treatments. Fig. 1 illustrates the growing number

of publications that are devoted every year to the subject A quite complete representation of this

technique can be found in réf. 1.

It is principally the microelectronic industry which has shown interest for the RTP. At

the scale of one micron or below the present techniques (diffusion, oxidation, etc ...) tend

towards their limits, and it is necessary to find alternatives which allow shorter treatment times

and less dopant redistribution. RTP offers a great potential in this direction as dopant

redistribution is reduced due to the short annealing times. Moreover, RTP has shown to

provide dielectric layers of considerable quality which could be interesting in the application as

gate oxides in MOS devices. There have already been attempts to fabricate entire MOSFETs by

RTP [2]. Up to now, however, there are several handicaps related to this technique which

impede a large utilisation in microelectronics. Especially problems persist with a tight

temperature control by means of pyrometers, e.g. when successive layers with different

emissivities are grown [2]. A further problem is related to RTP-induced defects which are not

well understood.

Li solar cells, RTP has found little application. It was observed that the spectral response of

silicon solar cells which were manufactured by RTP exhibited a poor infrared response (Fig.

2). This fact could easily be attributed to a poor minority carrier diffusion length LD of the

order of 20-40 urn for typical processing temperatures of 800-100O0C. Devices, such as solar

cells and nuclear detectors whose performance relies on a good carrier collection efficiency,

suffer greatly from this fact. The degradation of Lj) is commonly attributed to the

recombination centers which are induced by the fast quenching step at the end of the thermal

cycle. It was the role of this part of the study to shine light on the RTP-induced defects.

In section I, we will present the experimental RTP equipment and the surface photovoltage

set-up which was used to characterize the diffusion length in the samples.

Section II will be devoted to the main handicap of RTP which, up to now, impedes its

application in solar cell fabrication : the low base diffusion length. The junction characteristics

will not be discussed here as they are extensively covered by réf. 1.

Section in, finally, will present some of the aspects related to rapid thermal oxidation which

high-lighten its aptitude for applications in passivating layers.
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Figure IV.l. Number of papers published on rapid isoiheimal processing of silicon as a
function of year [I].

Figure IV.2. Spectral response of a diffused solar cell compared to a diffused cell

+ RTP : The dégradation of the red response.
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Figure IV.3. The HEATPULSE furnace (hot walls).

Figure IV.4. The JIPELEC furnace (cold walls).
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I. EXPERIMENTAL DETAILS

1. The RTP systems

We employed two RTP units in this study. The first was model HEATPULSE from

AG Assoc., USA (Fig. 3). In this system the sample was placed on a supporting wafer in a

quartz tube which was cooled by an air flow. The heating occurred through two ramps of

cylindrical tungsten lamps above and below the samples. Despite the fact that the quartz tube

was air-cooled the walls reached several hundred 0C. We will therefore refer to this equipment

as "hot-wall" furnace. This unit was also the older one, i.e. it had already seen many users

which baked everything in it from tungsten silicides to supraconductors, although periodical

cleaning was undertaken.

The second model was FAV4 from JIPELEC, France (Fig. 4). In this system the heating

occured only from the upper side, also with a ramp of cylindrical quartz lamps. The samples

were placed on a silicon wafer as a support and separated from the light source by a

double-wall window with water circulating inside in a laminar bubble-free flow which provided

active cooling. The walls, made of stainless steel, were also actively cooled, and the wall

temperature never exceeded 25O0C (this, at a wafer temperature of UOO0C). We verified this

fact by means of a thermocouple. In the following, we refer to this unit as "cold-wall furnace".

On this model we were - fortunately - the first users. So, we took it over in a clean state (and

tried to keep it there !).

The temperature was in both cases measured by a pyrometer which was calibrated against a

thermocouple. The hot-wall furnace changed from thermocouple to pyrometer at 80O0C, the

pyrometer of the cold-wall furnace covered all the range from 500-110O0C. This second

equipment had also a great ease for programming variable temperature ramps. A typical

temperature profile with 5 s rise time and natural ramping down at the end of the cycle is shown

in Fig. 5. The profiles were quite similar in both models for high temperatures but the

cooling-down of the samples occurred quite faster in the case of the furnace from JIPELEC due

to the fact that the radiation losses to the cold walls were greater. In about 20 sec the

temperature dropped from 100O0C to 30O0C. The processing was either done in an atmosphere

of argon or oxygen. Fig. 6 shows the gas system. A typical RTP time was 10 s which is very

large compared to the milliseconds which are necessary to establish thermal equilibrium and a

uniform temperature (see chapter II).

2. The surface photovoltage (SPV) technique

The method which we used to characterize the RTP-induced defects was the surface
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metallic dose is activated in RTP and that there is a uniform redistribution of the defects then
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photovoltage technique. Our choice was governed by the advantages that offers this technique.

First, there is no need of permanent contacts, which is an inestimable advantage as everybody

knows who had to implore a technician for an evaporation of metal contacts. Over this gain of

time, it also offers the possibility to follow a sample in a processing sequence without

interference by contact preparation. A second advantage is that the method does not depend on

the conditions of the sample surface.

In the following we present briefly the theory which underlies this measurement. Afterwards

we discuss the experimental set-up, the influence of experimental conditions and the sample

preparation.

a - The theory of the surface photovoltage technique

The SPV-technique has first been proposed by A.M. GOODMAN [3] in 1961 which

took a patent on this method [4]. The basic idea is that a semiconductor develops a

band-bending at the surface due to surface states which leads to the establishment of a "surface

junction". When light is incident on one side of the specimen, the surface junction - like a p-n

junction - separates the carriers, and a voltage appears accross the sample which, in the case of

a surface junction, is called the surface photovoltage. Today it appears somewhat astonishing

that the method has only been proposed more than ten years later for p-n junction [5], as the

analogy between a surface junction (surface photovoltage) and a p-n junction (open-circuit

voltage) is obvious. Later on, STOKES and CHU [6] proposed to use the short-circuit current

Isc in p-n junctions instead of the open-circuit voltage Voc which, especially for high light

intensities, has some advantage. We will come back to this point father on.

A typical SPV measurement consists in the following :

The sample is illuminated with monochromatic light at different wavelengths just below the

bandgap. It is important to note that - especially when the voltage is created by a surface

junction - the magnitude of the SPV signal is strongly influenced by the state of the surface.

This means that at each measurement with a surface junction, even on the same sample, the

SPV in general changes, as the state of the surface changes. Equally, the contact which serves

to extract the signal is never the same from run to run (pressure contact !). In order to eliminate

this dependency on the surface one does the following trick : During the measurement the SPV

is kept constant for all wavelengths. The light intensity of the incoming light is adjusted in

consequence. Thus, the band-bending and the surface junction do not change during the

measurement, and although the measurement is highly sensitive to the state of the surface which

might change from run to run, the result is independent of the surface.
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GOODMAN [3] showed that the surface photovoltage is a monotonie function of

aF

1+aL
(D

where a is the optical absorption coefficient, F the incident photon flux and L the minority

carrier diffusion length to be measured, i.e.

(2)
+ccL J

A monotonie function can be inverted :

aF
(3)

1 + aL

Working with SPV = constant means that the right side equals a constant C. Then

F = C(-+L! (4)

Thus, if one plots the relative incident energy as a function of the inverse absorption coefficient

a~l then L is obtained as the intercept with the negative X-axis. A typical plot is shown in

Fig- 7.

In the case when the open-circuit voltage or the short-circuit current are used, it is straight

forward to calculate explicitly the above monotonie function f [6], but there are also recent

papers which allow to calculate the functional dependence for a surface junction [7]. In order to

obtain equation (2) Goodman had to make the following assumptions :

(i) sample thickness D » a~l, i.e. the light does not reach the back contact.

Qi) D » L, i.e. the recombination at the backside is not of importance as the carriers do

not reach it This condition can be samewhat relaxed as we will see below.

(iii) low-level injection.

(iv) space charge layer width W « a~l.

(v) W « L. (iv) and (v) ensure that the space charge region or the emitter is not of
importance.

(vi) the surface recombination S is independent of the wavelength.
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(vii) f is a monotonie function.

In each particular application these conditions have to be fullfilled, especially when

semiconductors other than monocrystalline silicon are used.

b - The experimental SPV set-up

We used the lock-in technique to measure the surface voltage. The experimental set-up is

drawn in Fig. 8. In this version the method is described by an ASTM standard [8]. The light

source is a quartz-halogen 100 W lamp whose light is collimated by a spherical lens, and after

having been mechanically modulated at a frequency of about 30 Hz, it passes through a

small-band interference filter and is focussed on a bifurcated optical fiber. The filters used cover'

the range 800-1015 nm (or a"1 = 11.45 to 180 urn). One part of the light falls on a calibrated

reference cell which serves to measure the relative light intensity. The other part is directed

towards the sample where it creates the surface photovoltage. This voltage is coupled through a

special contact into a lock-in amplifier which demodulates the signal. The lock-in amplifier

serves also to measure the reference signal. At each wavelength the light intensity is adjusted

for the same lock-in reading. The corresponding light intensity is measured by the reference cell

and converted into a photon flux by multiplying with the wavelength X. A computer does then

the rest of the work by calculating and tracing the relative photon flux - versus - or ̂  plot.

The contact which is used for picking up the photovoltage is shown in Fig. 9. It consists of a

quartz support with a protruding part. The whole is covered by a semitransparent conducting
layer. We tested two different contacts with equal results. The first was a thin evaporated metal

layer of 90 A (20 A Cr, 50 À Ni, 20 A Cr). The transmission of this layer on the quartz support

was with 24 % constant over the considered wavelength range. The natural oxide which

covered the metal layer was sufficient as dielectric. We had some problems with the mechanical

stability of the thin metal layer. The second layer which we used was an ITO layer

(indium-tin-oxide) of 2000 A covered by 1000 A deposited SiO2- The mechanical stability of

this kind of contact is greatly improved in comparison to the metallic contact. The transmission

was nearly constant (85-86 %) ; the variation being smaller than the experimental error. Outside

the protruding pan the whole was covered with a thick 2000 A Al-layer to improve the lateral

conductivity and make contacting easier.

The protruding part has the following function. One can consider the protruding part and the

surrounding contact as two parallel capacitors, i.e. the capacities add. In general only a small

part is covered by the light, let us say just the area of the protruding part. If the distances which

separate the "plates" of the two capacitors were equal, the carriers created by the incident Iight

would lead drift laterally into the non-illuminated parts of the semiconductor. This would
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cause a strong drift in the SPV-signal which makes the measurement more difficult, as during

the measurement the SPV has to be constant. Hence, if one reduces the surrounding

non-illuminated capacity by increasing the distance which separates the plates, the diffusion of

the carriers is reduced.

c - The importance of the absorption coefficient

The most critical point in the use of the SPV-method is the knowledge of the absorption

coefficient. The measurement of the absorption coefficient in silicon or other materials is very

delicate. Moreover, one has to call back to the mind that a may be influenced by the doping

level or by the presence of defects at the surface. Thus, it is not astonishing that nearly each

author has its own set of absorption coefficient data for silicon. We found at least five different

sets in the literature. Fig. 10 shows three examples. The greatest deviations are found in general

towards longer wavelengths. The two sets which are recommended by the above cited ASTM

standard are the data of Dash and Newmann for non stress-relieved silicon (as grown) and

Runyan for stress-relieved silicon thermally treated [8]. We used the second data set for the

present work.

The effect on L of the data set used is quite important. Fig. 11 illustrates that for the same

sample values from 100-500 \im can be obtained. The ASTM standard provides the following

criterion to choose an a-data set : Try the first set. If you do not obtain a straight line, try the

second. If the line which you obtain is straighter than in the first case take this set, otherwise

take the first one, etc ... What can we answer ? Thus, although the reproductibility of the

method is about 10-15 %, we have to make question mark for the accuracy.

Comparison with other methods has been done (see for example Réf. 10, 11 and Réf. I.16).

However, there was rarely a good agreement as each method used to determine diffusion length

or lifetime suffers from analogous accuracy problems. This has not been said to devaluate the

method. Within one data-set (i.e. in a relative use) it is possible to obtain conclusive results.

For applications to other materials than silicon, one has to take into account this strong

dependence of the method on the absorption coefficient which has been observed on silicon.

d - The problem of the wafer thickness

One of the conditions that have to be fullfilled for the validity of the method was that the

sample thickness should be much greater than the diffusion length. PHILLIPS [12] shewed

that this conditions can be relaxed to the following : For L < W/4 (W = wafer thickness) ;„ the

measured values the real diffusion length whereas for greater L the value is an effective one.

We made the experience that when L exceeded more than half of the wafer thickness, then L
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was essentially determined by the back contact. For wafers of 525 fim thickness we found a

saturation value of about 300 ^m. As this was the thickness which we mostly used one has to

regard the values between 130 and 300 |im as effective values. The real values lie higher, and

the real differences are greater than the observed ones in this range.

Another remark has to be done what occurs when the diffusion length is not homogeneous

across the sample. In Fig. 12 we did the calculation what the SPV-plot would look like in a

sample with a layer of thickness D close to the surface where L is small compare to the rest of

the bulk. We assumed Lj = 10 Jim at the surface and !4 = 100 (im in the bulk. The thickness

of the layer was variable.

It is seen that the plot never deviates considerably from a straight line. When D < LI then the

layer was not "seen" by the method. The measured value was the bulk value. When

LI < D S 4Lj then an effective value was measured which, for D > 4Lj, was the value of

the surface layer. Thus, when a distribution in L is given, the method provides a mean value.

Very narrow distributions (compared to the diffusion length in this region) are not seen.

e - The influence of experimental conditions

STOKES and CHU [6] showed that the three variations of this method - constant SPV,

constant V00 and constant Isc - produce essentially the same result (Fig. 13). We confirmed

this by the following experiment : We measured L in the Isc mode on a solar cell with metal

contacts. Afterwards we etched off the metal grid and measured the V00 on the junction. In a

third step we etched away the junction and measured the surface photovoltage. In all three cases

we obtained the same L within 10 %.

Working in the I50 mode has the following advantage at high light intensities.

The relation between V00 and I80 is the following

kT

where I0 the saturation current The other symbols have their usual meaning. For small light

intensities we have IxIl0 « 1 and hence V00 is proportional to Isc or to the incident intensity.

For higher intensities, however, V00 varies logarithmic with the incident intensity. As we work

in the constant V00 mode, a small e~or in the setting OfV00 will cause an important error in the

reading of the intensity. Isc, on the contrary, keeps proportional to the light intensity even at

high illumination levels. In our study, however, we limited us to values inferior to several mV,

avoiding thus this problem.

The measured L was found to be independent of the incident intensity in the range which we
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used for the experiments. We worked, for example, on the same specimen with surface

photovoltages between 100 M-V and several mV without appreciable influence.

We did not try to study the superposition of a white bias light. For monocrystalline silicon it is

generally assumed that L is not a strong function of the injection level (as far as low-injection

conditions are fullfilled), although there are reports on some dependence [13] as bulk

recombination centers obey also Shockley-Read-Hall theory which should lead to a similar

dependence on the illumination level as for surface recombination (see chapter F) [13]. For other

semiconductors than silicon, especially compounds, this could become an important factor,

however.

The modulation frequency of the signal had not much importance, either. There are reports that

frequencies from several Hz up to several hundred Hz have been used for monocrystalline

silicon. For other semiconductors, this has to be considered individually as surface states or

carrier trapping in the volume might have an influence.

f - Sample preparation

The preparation of the samples was very important in order to obtain a correct SPV

signal. We will relate some of the "kitchen recipes" which we established for our samples and

which are in agreement with the experience of other authors.

For p-type samples we had in general no problems to obtain an SPV signal of several hundred

JiV, although on lower resistivities (< 1 Qcm) it was more difficult. CP4-etched surfaces gave

very important signals of several mV. However, when the surface was freshly etched the signal

drifted strongly during the measurement (a measurement was accepted when the drift of the

SPV was inferior to 5 % during the measurement), and it was a good practise to measure etched

samples the following day. Etched samples also caused problems when the surface was not

sufficiently flat Polished samples were simply cleaned in HF to remove the natural oxide. The

backside was in all cases lapped to ensure the same backcontact on all samples. (This is

important tor a lorg L).

N-type sample* had to be boiled ia deionized water for up to 40 min in order to ensure a correct

band-bending at the surface and the creation of a surface junction. Otherwise the signal did not

exceed 0.1 |iV.

On pn-junctions there were in general no difficulties as the band-bending does not depend on

Ue surface in this case.

During the measurement it was important to observe the polarity of the signal on the

oscilloscope. When the backside was not well degraded and the sample quite thin, the backside

also acted as a junction which worked Egaksi the front junction. In this case - for the same light

intensity - the SPV signal did not diminish at longer wavelengths but increased. On the
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oscilloscope the polarity of the signal was inversée at a c n moment

g - Applications of the SPV method

The SPV method has found applications for many semiconductors and many techniques

(see for example réf. 7 and the références therein). It had to be adapted, however, to the

individual case.

Measurements have been done on GaAs [3], on amorphous silicon [14] and other thin films.

The usage extends from lifetime measurements to surface damage monitoring [15], the

determination of the composition of IU-V compounds from the SPV spectrum [16], the

profiling of shallow radiation damage [17] and the determination of the thickness of oxygen

denuded layers close to the surface [18]. For each case the experimental as well as the

theoretical basis of the method had to be reviewed. For a-silicon layers, for example, it is

important to consider what happens at the backside of the layer. The design of the

semi-transparent contacts has also to be considered specially for amorphous silicon.

H. RTP INDUCED-DEFECTS

In this section we will consider the problem of RTF-induced defects. We will give only a

summary of the ideas and refer to the publications 2-5 in the Appendix C for a detailed

presentation.

1. Virgin silicon

On virgin silicon there is a correlation between the purity of the starting material (i.e. in

general its resistivity) and the final diffusion length after RTP (publication 4). This is clearly

established by comparing two materials which have the same resistivity but a different degree of

purity : the purer material exhibits the higher final diffusion length. Thus, the role of residual

impurities for an understanding of RTF-induced defects is very important.

Intrinsic structural defects due ta the fast quenching step (e.g. vacancy clusters) can be largely

excluded on the level of the present study, as, on 16 Qcm material, we could not observe any

degradation of L at a temperature of 100O0C. Our experiment has not sufficient resolution for

long L's (> 350 urn) but this fact sets the limit for intrinsic defects already quite high.

We observed a different behaviour in CZ silicon than in FZ silicon. CZ material resisted better

to the RTP which might be explained by the fact that oxygen exerts an internal gettering action
on metallic impurities.

Having recognized that residual impurities play an important role, one has to have an attentive
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eye to contamination from the ambient (gas, furnace, handling). RTP reveals to be much more
sensitive to the presence of contaminants, and we believe honestly thaï a good deal of this work
was only possible because we were the lucky first user of a new equipment (the JIPELEC

furnace).
The state of the surfaces might play a role but we did not well succeed in establishing their

influence. This is greatly due to the fact that is is very difficult to prepare a clean damaged

surface. In chapter I we showeu the example of alumina powders containing up to 1000 ppm of

iron. So, mechanical damaging is not very successful. Damage introduction by ion-implantation

has similar limitations (see below). In view of the sensitivity of RTP to the presence of
contaminants these methods are equivalent to scratching metallic impurities on the samples. We

have, however, indications that the surface induces an inhomogeneous redistribution of the

defects (see publication 3). Getter effects of the surfaces m°y be at the origin of this

redistribution and are currently studied in our laboratory.

2. Implanted silicon

a - The role of metallic contaminants

The results on implanted silicon are far from reaching the results of virgin silicon

(publication 4). The diffusion length starts dropping above 60O0C and is ten times lower at

higher temperature compared to virgin silicon. Our work (publications 4 and S) shows that
again metallic contamination - this time from the implantation system - is at the origin of the L
degradation.

For an uninitiated person it might be astonishing that an implantation system with mass

separation (see Appendix B3) introduces metallic impuri*' i samples (I met a lot of time to

realize this fact). But amongst implantation people, th : a,. .• jis to be a commonplace ! Older

implantation systems introduced up to 2 % of the implanted dose in form of metallic impurities

into the samples. This is the consequence of sputtering on metallic parts (apertures etc...) after
the mass separation. New machines decrease the contamination to 0.02 % and less by using

graphite apertures or are entirely built of copper-free aluminium [19].

Publication 5 demonstrates clearly the level of the contamination in our system. A

measurements of the diffusion length as a function of the implanted dose at a fixed energy

shows the following behaviour. Experimentally we find that L"2 ~ D where D the implanted

dose. It seems reasonable to suppose that the co-implanted metallic dose is proportional to the

implanted dose with a proportionality factor independent of the dose (when implantation energy

and current are kept constant !). If one supposes further that a given fraction of the implanted
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metallic dose is activated in RTP and that there is a uniform redistribution of the defects then

L-2 ~ D ~ NX where NX is the active defect concentration. This comes out from the relation

[20]

•> 1
L2 = DT = D. - (6)

where D is the carrier diffusion coefficient, T the minority carrier lifetime, V1J, the thermal

velocity of the carriers, and CT the capture cross section.

Further, we have directly observed the metallic impurities by SIMS which enabled us to profile

the impurities Fe, Cr and Cu in a sample which was silicon implanted at IS keV to a dose of

6.25 x 101^ cm'2. The implantation current was kept very low in this case to impede a

redistribution of the impurities by heating the sample with the beam. RBS allowed us to

establish the implanted metallic dose : 4 x 101^ cm~2 for Fe and Cr together. This means that

about 0.5 % of the implanted dose are metallic impurities in our case. If one supposes this

percentage to be constant at any dose then at 2 x 10̂  cm~2 (which is a typical value for solar

cells) the co-implanted dose would be 10^ cm~2. Uniformly distributed over 100 Jim this

would still give a concentration of 10̂  cm~3. If one takes further into account that the RTP

activates much better than classical treatment metallic impunies [21], then our result of

L = 20 |lm at 100O0C on implanted material has nothing astonishing (compare Fig. 1.14).

From the study of the dose dependence it comes out that the co-implanted dose has to be

reduced at least by a factor of 100 to reach the results of virgin silicon, i.e. to 0.005 % which is

possible in modem machines, or to use protective oxide masks (publication 4).

Further we became aware in these studies of cross contamination with As and B, which are

commonly implanted in our system (the implanted species was Si !). Then- co-implanted dose

was of the same order of magnitude as the metallic dose. Further we observed contamination

due to hydrocarbons which originate from the pumping system. We do not present the results

as those impurities are not likely to have an influence on the RTF-induced defects, and it was

not the aim of this study to check up an implantation system. The combination of RTP and SPV

proved to be quite effective, however, to reveal the presence of metallic contaminants.

b - The role of implantation damage

The role of the implantation damage in RTP induced defects is less important and our

experiments give only indirect hints. We quantified the implantation damage by characterizing it

through an equivalent amorphous layer thickness (publication 5). For high implantation doses

this measure saturates as the implantation damage does not extend further on. This behaviour
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was not been observed in the dose dependence of L. The most important hint comes from the

fact that when the implantation damage is completely removed, the activation of the metallic

impurities is not as important than without the implantation damage (publication 4). This is an

indication that point defects are involved in the recombination centers. Other hints are further

that a higher diffusion length is obtained on virgin silicon in an oxygen atmosphere. As

oxidation is known to inject interstitials, one could speculate that the point defects involved are

vacancies. A similar indication comes from the difficulties to characterize correctly these centers

by Deep Level Transient Spectroscopy (see discussion in publications 2 and 4).

All these hints are of indirect nature, and the role of point defects in RTF-induced

recombination centers has still to be clarified.

c - Annealing behaviour

We have subjected P, Si or Ge implanted (15 keV, 10^ cm"2) high purity material

(10 Qcm, P, <100>) which was annealed at 100O0C for 10 sec in the JIPELEC furnace to

isochronal annealing in a classical high-vacuum furnace with a low cooling rate at the end of the

30 min-cycle (== 0.5°C/min). The result is shown in Fig. 14. After the rapid anneal the diffusion

length is in the 20-30 (im range and only at a temperature as high as 9250C we observe an

annealing of the defects and an establishment of the initial value. The annealing of the defects

occurs quite abrupt and is independent of the implanted species. This gives a further

confirmation of the fact that the implanted species itself is not involved in these centers.

HI. RAPID THERMAL OXIDATION (RTO)

In part A, we discussed the influence of rapid thermal processing on the transport

properties of bulk silicon and the origin of the recombination centers which are introduced by

the RTP.

Rapid isothermal processing has not only been used for junction activation in ion-implanted

silicon but also for a variety of other applications, especially for the growth and the deposition

of dielectrics. A complete presentation of the possibilities of RTP -would be beyond the scope of

this chapter, and we refer again to the review of R. SINGH [I]. In this part we just want to

concentrate on rapid oxide growth (rapid thermal oxidation, RTO) and the potential of these

oxides for the application as surface passivating layers in silicon solar cells. In the light of the

discussion in chapter I concerning the interaction of bulk and surface properties in the

achievement of high efficiency, it is clear diat this second part is intimately related to the first

part of this chapter, i.e. to the rriintainance of a high minority carrier diffusion length.
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1. Oxidation kinetics

In Figure 15, we have reported results that have been obtained on virgin silicon. Due to

the short time scale involved only quite thin oxides can be achieved (up to 300 A) in a

one-minute RTO-cycle at 120O0C.

Compared to short-time classical furnace oxidation the oxidation kinetics seems to be enhanced,

an observation which has been attributed [22] to an eventual photonic effect due to the intense

light of the heating source (see chapter in, part B). However, other experiments indicated no

difference between classical and rapid oxidation. Up to now, this subject is still in controversial

discussion (see Réf. 1, p. R91). Experimental uncertainties in the growth of thin oxides as well

as non-equilibrium phenomena at this short time scale might explain the discrepancies in the

experimental results. A better understanding of the growth kinetics of thin dry oxides has

already been achieved (see réf. IÏÏ.20) and might clarify these open questions.

From Figure 15 it can be seen that RTO covers well the thickness range which is of interest for

passivating layers. At 100O0C, for example, 1 min is sufficient to grow 100 A whereas at

1 10O0C only 19 s are needed for the same thickness. The oxidation times are further reduced on

highly doped as-implanted or «crystallized layers (Fig. 16 a and b). POC13 diffused samples

show a particular oxidation enhancement, due to the influence of phosphorus precipitates as

confirmed by SIMS analysis and the presence of microdefects. Thus, at 100O0C a time of 30 s

would be sufficient to create 100 A of SK>2 on a heavily doped «crystallized layer.

2. The quality of rapid thermal grown oxides

Several authors have shown that the quality of rapid thermal oxides is superior to

comparable thin classical oxides. RTO is capable of achieving electrical characteristics on thin

oxides which are typical for thick classical oxides. This is a consequence of the fact that, due to

the short time scale and the reduced thermal mass, higher temperatures than in classical thermal

oxidation are possible. Moreover in modem RTF-machines it is possible to interchange rapidly

a variety of ambients due to a reduced reaction volume. Figure 17 shows two examples which

illustrate the versatility of this kind of equipment. Example 1 is an oxide growth at 105O0C

followed by an oxiae anneal at the same temperature in an Argon ambient. Example 2 illustrates

the growth of nitroxides with a first oxidation ?.:ep followed by nitridation in an ammonia

The oxides obtained in this way exhibit quite exceptional electrical properties. Figure 18

compares the breakdown voltages of MOS Capacitors with a 95 A thick oxides grown by two

classical oxidation methods and by RTO. It is seen that nearly 12 MV /cm are achievable with
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Table IV.1. Electrical characterization of rapidly grown oxides with different thicknesses
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rapid thermal oxidation [23].

Figure 19 compares the interface trap density D^ of the before mentioned two classical oxides
and two RTO-grown oxides. Especailly in the upper half of the gap the trap density is
considerably lower in rapidly grown oxides. This result has been explained by the observation

that the Si-SiC>2 interface of rapid oxides is sharper than the interface of low temperature
oxides. Low fixed oxide charge densities are also obtained due to the rapid quenching at higher
temperatures. Results obtained in our laboratory [24] confirm the quality of thin rapidly grown

oxides (see Table 1). Thicker oxides (> 150 A) show a deterioration. These oxides, however,
were non-optimized, i.e. without post-anneal at the oxidation temperature or post-metallization
anneal. They have been performed in our older RTF-unit which is much less versatile for

complicated thermal cycles.

3. Applications and conclusion

The above mentioned versatility of rapid processing and the achieved oxide quality has
convinced people to try applications of RTO in the fabrication of MOS devices (see Réf. 1).

Figure 20 shows how RTP can be used in many steps in a basic MOS process including metal
alloying which is another active field of reasearch. Table 2 compares the characteristics of
classical furnace and RTP for the application in MOS devices. It is clear that thick field oxides

cannot be grown by RTP as the oxide thickness is limited to 300 A. However, a tight control of
the contamination is possible due to the fact that in modern units the walls of the process
chamber are actively cooled. Another advantage of RTP comes from the shallow junctions

which are achievable in this short-time regime.
It is clear that with the above mentioned oxide quality, RTO would be quite interesting for

applications on silicon solar cells, if the problems related to the low diffusion length in the base

can be overcome. SINGH [1] does not discuss in his review the physical background of silicon

solar cells fabricated by RTP but has the opinion that for monocrystalline silicon there is less

chance that the industry might accept a new processing technique as even the classically

manufactured solar cells have not yet penetrated the market. He sees, however, a great potential
for applications of RTP in the thin films solar cell field, especially in the MOCVD technique

(Metal-Organic Chemical Vapour Deposition) due to the versatility of the equipment and the
quality of deposited and grown films. The first argument may be subject to discussion but the
second statement is certainly true.
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Table IV. . Comparison of classical furnace and RIP [I].



164

REFERENCES of CHAPTER IV

[IV.l] idem réf. ILS.

[IV.2] M.M.MOSLEHI, "Single-wafer optical processing of semiconductors: Thin insulator

growth for integrated electronic device applications", Appl. Phys. A46,255 (1988).

[IV.3] A.M.GOODMAN, "A method for the measurement of short minority carrier diffusion

lengths in semiconductors", J. Appl. Phys. 32, 2550 (1961).

[IV.4] A.M.GOODMAN, United States Patent 4.333.051, June 1982.

[IV.5] E.Y.WANG, C.R.BARAONA and H.W.BRANDHORST, "Surface photovoltage

method extended to silicon solar cell junction", J. Electrochem. Soc. 121,973 (1974).

[IV.6] E.D.STOKES and T.L.CHU, "Diffusion lengths in solar cells from short-circuit

current measurements", Appl. Phys. Lett. 30,425 (1977).

[IV.7] CCHIANG and S.WAGNER, "On the theoretical basis of the surface photovaltage

technique", IEEE Trans. El. Dev. ED-32,1722 (1985).

[IV.8] ANSI/ASTM F391-78, Annual Book of ASTM Standards, part 43. Electronics, Amer.

Soc. for Testing and Materials, Philadelphia 1979.

[IV.9] M.SARITAS and H.D.MCKELL, "Diffusion length studies in silicon by the surface
photovoltage method", Sol. State El. 31, 835 (1988).

[IV. 10] T.L.CHU and E.D.STOKES, "A comparison of carrier lifetime measurements by
photoconductive decay and surface photovoltage methods", J. Appl. Phys. 49, 2996

(1978).

[IV. 11] M.SARITAS and H.D.MCKELL, "Comparison of minority-carrier diffusion length

measurements in silicon by the photoconductive decay and surface photovoltage

methods", J. Appl. Phys. 63,4561 (1988).

[IV. 12] W.E.PHILLIPS, "Interpretation of steady-state surface photovoltage measurements in

epitaxial semiconductor layers", Sol. State El. 15,1097 (1972).

[IV.13] J. KNOBLOCH, A. ABERLE, W. WARTA and B. VOSS, "Dependence of surface

recombination velocities at silicon solar cell surface on incident light intensity", Proc.
8th European Sol. En. Conf., Florence, Italy, p. 1165 (1988).

[IV.14] A.R.MOORE, "Theory and experiment on the surface-photovoltage diffusion-length

measurement as applied to amorphous silicon", J. Appl. Phys. 54,222 (1983).

[IV. 15] A.M.GOODMAN, "Silicon-wafer-surface damage revealed by surface photovoltage

measurements", J. Appl. Phys. 53, 7561 (1982).



165

[IV. 16] K.GRAFF and H.PIEPER, "Bestimmung der Zusammensetzung von ternaeren III-V

Verbindungshalbleitern aus dem Spektrum der Oberflaechenfotospannung", Sol. State

El. 15, 831 (1972).

[IV. 17] C.CHIANG, S.WAGNER and C.SHffiH, "A new photoelectrochemical profiling

technique for recombination centers in GaAs", Appl. Phys. Lett. 45, 884 (1984).

[IV.18]T.I.CHAPPELL, P.W.CHYE and M.A.TAVEL, "Determination of the oxygen

precipitate-free zone width in silicon wafers from surface photovoltage measurements",

Sol. State El. 26, 33 (1983).

[IV. 19] K.RUSSEL and H.GLAWISCHNIG, "Ion implantation", Tech. Ed., Springer Verlag

Berlin 1982.

[IV.20] S.M.SZE, "Physics of semiconductor devices", John Wiley & Sons New York 1981.

[IV.21] J.ZHU, G.CHAUSSEMY and D.BARBIER, "Rapid thermal annealing: an efficient

means to reveal chromium profiles in Si after diffusion and gettering", Appl. Phys.

Lett. 54, 611(1989).

[IV.22] J.P.PONPON, JJ.GROB, A.GROB and R.STUCK, "Formation of thin silicon oxide

films by rapid thermal heating", J. Appl. Phys. 59, 3921 (1986).

[IV.23] idem réf. I.37.

[IV.24] A.SLAOUI, J.P.PONPON and P.SIFFERT, "Characterization of thin silicon oxide

obtained by lamp heating", Appl. Phys.Lett. A43, 301 (1987).



CONCLUSION and PERSPECTIVES



167

CONCLUSION and PERSPECTIVES

The aim of this work was to investigate whether transient techniques have potential in the

fabrication of high efficiency solar cells. The accent was set on the application of these

techniques for the activation of junctions in solar cells and the eventual creation of surface

passivating layers.

We have directed our work towards two different approaches. The first consisted in an entierely

"cold" fabrication process by means of an ArF excimer laser where the bulk of the material did

not reach high temperatures. The second approach was based on rapid isothermal processing

(RTP) which has been recognized by the microelectronic industry as an interesting alternative to

classical thermal processing. Both approaches have been tested for applications in the creation

of passivating layers.

Excimer laser processing has several advantages compared to the older laser generation

(Ruby, Nd-Yag). Due to the improved beam uniformity and the small penetration depth of

ultraviolet light it is possible to obtain very shallow junctions with an excellent dopant

activation. In conjunction with ion implantation it is very easy to obtain a specified doping level

or sheet resistance. This technique, however, suffers from the fact that the laser annealing

leaves over the implantation damage beyond the molten surface layer (the so-called

"implantation tail"). These defects, which are located in the space charge layer and behind,

greatly enhance the saturation current and reduce the open-circuit voltage. Moreover, the

excimer laser itself introduces defects due to the rapidly moving liquid-solid interface which

- on a lower level - also enhances the saturation current. These facts imply that a low

temperature annealing in the range 500-70O0C becomes necessary.

With the aim of growing surface passivating layers, the excimer laser has been tested in

the liquid-phase (i.e. when the surface is driven into melt) and in the solid-phase regime (i.e.

when the surface temperature never exceeds the melting point).

In the liquid-phase regime it is possible to grow thick layers but due to the high number

of laser shots necessary (10^-10^) the surface becomes very rough and the dopant is strongly

redistributed or lost. Moreover, the oxide has many structural defects which impede an

electrical characterization.

In the solid-phase regime only very small thicknesses can be obtained (< 40 A) in a reasonable

time on virgin silicon. Doping enhances the oxide growth but only beginning at a level which is

beyond the interest of silicon solar cells. Moreover, laser processing is a sequential process.
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With our relatively small output area it would last 200 hours to oxidize a 10 x 10 cm^ wafer.

Lasers with a greater output areas exist but the problem of the limited oxide thickness has still to

be solved. Laser processing at elevated tempeatures (» 40O0C) might offer some potential.

Our second approach, rapid isothermal processing, has a distinct disadvantage, namely

the introduction of recombination centers which distroy the minority carrier diffusion length in

the base of silicon solar cells. Our work allowed to recognize that these recombination centers

involve metallic impurities. In the case of virgin silicon they are present in the material as

residual impurities. RTP reveals to be much more effective in activating these impurities than

classical thermal treatment.

In implanted material, the impurities are co-implanted by sputtering on metallic parts of the

implantation system (apertures, etc ...) which occurs behind the mass separation. We could

evaluate the co-implanted dose to 0.5-1 % of the implantation dose. Thus, the combination of

RTP with a diffusion length or lifetime measurement reveals to be a very effective means for

detecting metallic contamination.

Further, our experiments gave hints that the RTP-induced recombination centers are of a

complex nature and involve - besides metallic impurities - also point defects. Thus, the presence

and the state of a nearby surface have considerable influence on the formation and redistribution

of the recombination centers.

If the problem of RTP-induced defects can be overcome, RTP can profit from the

advantages of this technique, namely high quality oxides, which are interesting for passivating

layers, and the great ease and versatility of rapid processing.

Our wok has left open several problems related to the RTP induced recombation centers.

First, the eventual participation of point defects in these centers has to be further clarified. We

believe that the key of a deeper understanding of these centers lies in an understanding why

Deep Level Transient Spectroscopy (DLTS) has given contradictory results for their occurence.

A proper correlation of diffusion length measurement and DLTS has to be achieved.

A second open question is related to the inhomogeneous activation of defects by RTP and an

eventual getter effect of RTP. These first two problems are currently under investigation and

positive results have been obtained on gold doped samples.

The last problem concerns a more practical aspect. We have shown that the RTP-induced

defects can be avoided to a high degree in implanted samples by implanting through oxides.

This, however, is not easy to use as it implies an additional step. It would be better to reduce

the contamination at the source, i.e. the implantation system (e.g. by using graphite apertures).

A reduction of the co-implanted dose of at least a factor of 100 is necessary in order to obtain
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the same results on implanted silicon as on virgin silicon. Modern implantation systems

coirespond to such a low contamination level. An alternative solution might be the introduction

of the dopant by spin-on sources (of high purity !) or with gaseous sources.

In conclusion, we believe that our second approach offers much more potential for
silicon solar cells (and thin films) than the first although a combination of the advantages of

both techniques seems feasible.
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Examples of high efficiency silicon solar cells
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Â.l. Microgrooved passivated emitter solar cell [1]

(A.W. Blakers, M.A. Green, University of New South Wales).

Description :

Low resistivity float-zoned substrate 0.1-0.3 Q.crn, p-type, <100>

POClj diffused thin emitter (0.2 |im), sheet resistance 100-150 Q/
60-100 A passivating thermal oxide (8750C) extending under the contacts.

Microgrooved surface by an anisotropic etch.

Backsurface field and reflector by sintering of aluminium back contact

Shadowing loss by the grid 3.2 %

Ti-Pd-Ag grids by evaporation + electroplating

Double layer antireflection coating MgF2 /ZnS.

Efficiency :

21.4 % on a 2 x 2 cm^ cell.
24.1 % with a concentrating element which keeps radiation away from the grids.

finger
microQiroove

back contact

Figure A.1 Microgrooved passivated emitter solar cell [I].



172

A.2 . Laser grooved, buried contact silicon solar cell [2]
(C.M. Chong, S.R. Wenham, M.A. Green, University of New South Wales)

Description :

Nearly independent of substrate resistivity, p-type.

Lightly diffused junction.

Oxide growth (passivation + mask for following steps).

Laser scribing to form deep and narrow grooves (very little shadowing).

Heavy diffusion in grooves to limit contact recombination due to large
metal-semiconductor contact area.

Aluminium back contact sintering (backsurface field, light trapping, contact).

Electroless deposition of Ni, Cu to the grooved area and the rear.

Efficiency :

Over 19 % nearly independent of substrate resistivity on a 12 cm2 cell (Table I).
16.6 % on polycrystalline material.

• bach contact

Figure A.2 Laser grooved, buried contact solar cell [2].

f>
(O cm)

0.25
0.3

10
100

Vm
(mV)

653
Mt
634
627

J*
(mA/cm1)

36.7
Î7.S
Î9.Î
Î9.S

Fill factor
(*)

80.»

10.6
79.4

75.S

Efficiency '
(*)

19.4

19,6
19.1 '
18.7 ,

Table A.I Performance of lasergrooved buried contact solar cells as measured by

Sandia National laboratories. Cell area 12 cm2 (global AM1.5,250C) [2].
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A.3. Point contact solar cell [3]
(R.M. Swanson et al., Stanford Electronics Laboratories)

Description :

High substrat resistivity (100-200 ilcm), float-zoned material, <100>, n-type.

Concentrator cell, very small area
All contacts on the rear (points) with dimensions typical for microelectronics.

Passivating oxide on both surfaces.

"No recombination in the cell".
Double layer antireflection coating MgF2/ïïO2-

Efficiency :

22 % (one sun), 28 % (200 suns).

Figure A.3 Point contact concentrator cell [3]



174

A.4. Ion implanted high-efficiency cell [4]
(M.B. Spitzer et al., Spire Corporation)

Description :

Ion implantation with mass separation + thermal annealing (see Table 2).

Efficiency :

18 % on a 2 x 2 cm2 cell.

CELL FAMICAHON PROCESS

Implant tack

Anneal/oxMe

Remove oxide

Texture

Implant front

Anneal/oxidize

Apply contact»

Saw toiize

Plate contact»

Apply AR coating

Tin

1 IB* » keV, J x 1013 Ions/cm2

»000-2 IHI.
MOOC-2HM.

AcId etch

Hydroxide etch

"P* } KeV, dote-variable

JJO°C-7lw».
IX)OC-IJmIn.
J WC- 2hr».

Evaporated Ti-Pd-Ag

2 cm x 2 cm

Evaporated TajOj

AMI. 100 mW/cm2. 2l°C

Table A.2 [4]

Figure A.4 Ion-implanted solar cell [4].
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A.5. Excimer laser-processed oxide-passivated silicon solar cell [5]
(RJF. Wood et al., Oak-Ridge National Laboratory)

Description :

Low resistivity substrat (0.3 Q.cm), <100>, float-zoned, n-type glow discharge
implantation of boron with a mixture of B2H6 in H2 (no mass separation) at 1.5 KV.
Backsurface field by glowdischarge implant of 1% PHs in H2 at 1.5 KV.
Excimer laser annealing (XeCl at 308 nm, 1.5 J/cm2,41 ns pulse width).
Dry oxidation.
Fine line photolithography (5 |J.m).
Ti-Pd-Ag contacts + silver plating.
Double layer antireflection coating MgF2/ZnS.

Efficiency :

19.5 %.
CAS IMPLANT SYSTEM

SUICON ANOOC

SIlICON SMSTMIC

SAMPLC HOU)CIt

CK SUtSTHAIC
rECOTHW

Figure A.5 Glow-discharge implantation system [5].



176

A.6. Deep emitter silicon solar cell [6]

Description :

Substrat resistivity 0.33 £2.cm and 21 Q.cm

Surface texturing.

POC13 diffusion (1-2 urn), surface concentration 10*9 cm"3, sheet resistance 50-100

a.
Aluminium back surface field.

Contact coverage 6%.

Surface passivation.

Single layer antireflection coating (Ta205).

Efficiency :

19.1 %.

Interesting for industrial application due to the deep emitter which is very insensitive to

spiking by the contacts.
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B.I. SIMS (Secondary Ion Mass Spectrometry) [1, 2]

The principle of SIMS is quite simple (Fig. 1) : the sample is bombarded by primary
ions of low energy (» 10 keV) which in our case are oxygen. As a consequence of the
bombardment, secondary ions are ejected out of the solid and analyzed by a mass spectrometer
which may be a magnetic or electrostatic (quadrupole) mass spectrometer (Fig. 2).

The peak of the mass chosen is recorded as a function of erosion time of the primary ions.
SIMS analysis can be performed for many applications : studies of surface contamination,

dopant profiling, oxidation studies, etc...

In practice, the technic is quite delicate. For example, one has to scan the focused primary beam
to erode over a larger area and take the measurement in the center of the crater. Otherwise, the
walls which contain a higher concentration of dopant in the case of dopant profiling will

interfere with the measurement.
The mass resolution is sometimes limited by the similitude of nearby masses, such as ̂  Ip and

3^Si-H. A Cs-source instead of oxygen, or a laser to ionize all ejected particles (in general only

a small fraction is ionized) may help in these cases.
The depth resolution may attain some tenth of Angstroms, and lateral resolutions down to
100 A are possible.

One disadvantage of the method is that the concentration has to be calibrated against a standard
The profiles delivered are tgf il profiles : there is no distinction between electrically active or

inactive dopant.
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Figure B.2. Principle of the quadrupole mass spectrometer.
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B.2. RBS (Rutherford B_ackscattering SLpectroscopy) [1, 2]

A particle accelerator accelerates light particles such as H+, He+ or Li+ to an energy in

the MeV range. The ions hit the sample and some of them are backscattered into a detection
system (Fig. 3). The beam size is of the order of 1 mm^.

The ions scattered at the surface have the highest energy possible and are recorded in the

highest channels of the multi-channel analyzer. Those ions who penetrate the solid will come

back with smaller energies. So a typical backscattering spectrum will have the form of Fig. 4.

The energy calibration of the multichannel analyzer can be performed easily if there are several

elements present, as each of it has its own edge which is a function of the mass number of the

target atoms and the energy of the incident particles.

RBS can be performed under two conditions :

(i) Random

The beam is not aligned with any crystallographic axis.

(ii) Aligned

The beam is aligned with one crystallographic direction of the solid to be analyzed.

When the crystal is perfect, the ions of the beam penetrate much deeper into the solid than they
would if they stroke the surface in a random direction. As a consequence, the backscattering

yield is diminished. One could say that a crystal in an aligned direction seems to be much more

transparent than in a random direction.

When the atoms are disordered as in an amorphous surface layer created by implantation, the

backscattered spectra near the surface are random, and only ions which penetrate deeper into the

crystal than the amorphous layer thickness will see the crystal (Fig. 5).

RBS will thus give information about crystal quality, stoichiometry of compounds (e.g. SiO2>,

substitutionality of dopant atoms, etc...
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B.3. Implanter with mass separation

Our implanter is a commercial type Eaton 200 MCA implanter which allows to implant at

energies from 20 to 200 keV with currents of several milliamperes (Fig. 6).

The current of positif ions is extracted from a source of the Kaufmann type at energy 20 keV

and is mass analyzed in a 90° magnet. The ions are then accelerated and focused by three

quadrupole lenses. A scanning system allows to implant surfaces up to three inches.

AIHANT 0 1AtIAlYSE 90«

r SECTION OE HAUTE TENSION

r- OUVERTURE VARIABLE

2t«c POHPC

SYSTEME OE BALAYAGE

3«mc POMPE

STATION O'IHPLANTATIONF COLONNE
•ACCELERATION

1er* POHPE S O U R C E O 1 I O N S

PIEGE A NEUTRES

TRIPLE QUAORIPOLAIRE

Figure B.6. Schematic of the Eaton 200MCA implanter.
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B.4. Implanter without mass separation [3]

The dopant is introduced as a gas (e.g. PF$, BF$) and exposed to high voltage. Glow

discharge takes place and by means of a post-acceleration of several kilovolts the ions are
accelerated towards the sample (Fig. 7).
As there is no mass separation, the implatiation current in general contains several fractions of
the dopant gas (Fig. 8). So, as for example the phosphorus fractions P+ and PF+ are
accelerated by the same voltage but have different masses, the phosphorus atoms of each
species will penetrate to a different depth.

IMPLANTATION 0'1ONS CLASSIQUE INCRUSTATION D'IONS

isolation
Vocalisation separation

de masse

) isolât ton

échantillons

Figure B.7. Comparison of
(a) a system with mass separation
(b) a glow-discharge system without mass separation.
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EVOLUTIONS RECENTES DES PHOTOPILES A HAUT RENDEMENT DE CONVERSION PHOTOVOLTAIQUE+

Wolfgang EICHHAHHER
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Laboratoire PHASE (U.A. du CNRS n° 292)
23, rue du Loess
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* Travaux effectués dans le cadre d'une convention PIRSEM-AFME

RESUME

Cet article est consacré aux développements les
plus récents des cellules solaires a base de si-
licium luonocristallin, sans concentration.
On présentera en premier lieu les rendements
prévus par les différents modèles théoriques.
Puis on discutera les différents paramètres du
matériau qui déterminent le rendement de conver-
sion et leur influence sur les paramètres photo-
vol laïques.
Un taoleau permet de comparer les photopiles a
haut rendement obtenues récemment par des techni-
ques différentes.

SUMMARY

This article reviews last developments of high
efficiency silicon solar cells (one sun opera-
tion).
First, we revise the efficiencies predicted by
theoretical models. Then, we discuss the influ-
ence of the material parameters on the conver-
sion efficiency of solar cells, and their Impact
on photovoltaic parameters.
A table allows to compare the high efficiency
cells obtained recently by various techniques.

I. Introduction - Limites théoriques du rendement
de conversion

L'étude théorique du rendement de conversion maxi-
mum d'une photopile peut être abordée de deux fa-
çons :

- soit, en établissant une valeur limite de con-
version a partir des principes de base de la
physique thermodynamique /1-4/ ;

- soH1 en déterminant le rendement maximum à par-
tir d'un modèle simplifié d'une cellule,en pre-
nant en compte tous les effets physiques (la
recombinaison Auger, la recombinaison radiative
et l'effet de rétrécissement de la bande inter-
dite) ainsi que tous les paramètres relatifs au
matériau (la résistivité de la base, la profon-
deur de la jonction, etc...). Oe plus, dans les
calculs, on peut Introduire pour ces paramètres
soit des valeurs réalistes, soit des valeurs
qui sont susceptibles d'être atteintes dans un
proche avenir, soit enfin des valeurs qui sup-
posent que les pertes sont nulles pour certai-
nes parties constituant la photopile (par exem-
ple on peut supposer que la couche anti-reflet
est efficace à 100«).

En utilisant un calcul basé sur le premier con-
cept. SHOCKLEY et QUEISSER /3/ ont obtenu un ren-
dement de conversion qui atteint 3OX pour un ma-
tériau d'énergie de bande interdite égale à 1,1
eV.
Les auteurs ont considère le soleil et la photopi-
le comité des corps noirs à 600O0K et 2ÛU"K respec-
tivement, supposé que chaque photon d'énergie su-
périeure a celle de la bande interdite est géné-
rateur de charge électrique, et uniquement pris
en compte la recombinaison radiative connue méca-

nisme actif d'annihilation des porteurs.
D'autres calculs, faisant également appel aux
lois de la thermodynamique, donnent des limites
théoriques comprises entre 30 et SOX.
Par contre, les estimations qui découlent des
calculs basés sur le deuxième concept donnent
des valeurs qui se situent en général entre 25
et 30%. M. UOLF /8/ situe le rendement maximum
aux environs de 25% sous les conditions d'éclai-
rement AMl avec comme paramètres caractéristi-
ques : un dopage égal pour le substrat et la zo-
ne frontale (5 x 10 c m ) , une profondeur de
jonction de 4 um, une épaisseur de la photopile
50 uni, un champ réflecteur a l'arrière (B.S.F.)
et aucune perte par recombinaison de surface.

Il est intéressant de noter que, si on remonte
a des calculs plus anciens, les valeurs maxima-
les du rendement sont généralement inférieures,
ceci étant en grande partie dû au fait que les
modèles utilisés étaient souvent incomplets. Par
exemple, MUSER IM a trouvé un rendement théori-
que maximum de 16% en considérant le soleil com-
me un corps noir à 6OQO0K et en introduisant une
certaine modélisation des mécanismes de recombi-
naison des photoporteurs dans la cellule. Ce ré-
sultat n'était pas inquiétant a l'époque, tant
que les rendements expérimentaux ne dépassaient
pas 11*. Mais aujourd'hui des photopiles ont at-
teint la barre des 20% sous les conditions AMl,
de sorte que les modèles qui donnent un rende-
ment maximum théorique de 25* nous paraissent
plus réalistes. Cette limite est susceptible
d'être atteinte dans l'avenir avec des techni-
ques de préparation de la photopile très sophis-
tiquées.
Ceci nous amène à l'évolution des procédés d'é-
laboration du dispositif, qui pendant longteiiips



n'ont pas permis de dépasser, en laboratoire, un
rendement de 15 à 16% et en production industri-
elle 12 à 13Ï. Ce n'est que ces dernières années,
qu'un grand effort a été entrepris pour compren-
dre d'une part, les mécanismes qui empêchent
l'obtention de la valeur limite de 25% et d'autre
part, pour trouver les techniques adéquates pour
éliminer la majeure partie de leurs effets. Ces
études ont abouti en 1986 à la réalisation d'une
photopile au silicium dont le taux de conversion
(sous AMl) dépasse les 20%.

Dans ce qui suit, nous allons nous intéresser aux
différents paramètres qui déterminent le rende-
ment et è leur rôle sur les caractéristiques élec-
triques de la photopile.

II. Les paramètres relatifs au matériau dëterml-
nant le rendement

pes calculs numériques montrent que chaque partie
constituant une cellule solaire au silicium doit
fonctionner à un niveau proche des limites physi-
ques afin d'obtenir des rendements au delà de 2OX
/8/. Par exemple, si la contribution au courant
de saturation varie d'une région à une autre de
la photopile, c'est à valeur la plus élevée qui
déterminera la tension en circuit ouvert, indé-
pendamment des autres contributions. Par consé-
quent, il faut examiner en détail chaque partie
d'une cellule solaire afin de minimiser toutes
les pertes.

1. Le substrat

a) choix du type
Les photopiles à rendement élevé ont été réali-
sées dans le passé, soit sur des substrats de ty-
pe N /11. 42. 43, 47/. soit de type P /25,26.30/,
bien que les calculs théoriques prévoient des
rendements légèrement supérieurs pour les cellu-
les à substrat P compte tenu du fait que les lon-
gueurs de diffusion des porteurs minoritaires
sont plus grandes pour les électrons dans un ma-
tériau de même résistivité /réf. 10 p. 77 et 89/,
/7,12/.

Par contre, les photopiles qui ont été réalisées
ces derniers temps /29,30,31/ ont pour substrat
un matériau de type P dopé au bore, bien qu'il ne
soit pas prouvé que l'autre choix de type ne don-
nerait pas de résultats expérimentaux similaires.

En ce qui concerne le choix du dopant des subs-
trats N, le bore semble irremplaçable en raison
de son coefficient de solubilité élevé par rap-
port aux autres éléments de la colonne III tel
que l'aluminium, le gallium et 1'indium qui ont
une solubilité beaucoup plus faible /réf. IU
p. 182/. Pour les matériaux P, le choix est plus
grand, le phosphore peut valablement être rempla-
cé par l'antimoine, le lithium et surtout par
l'arsenic qui a un coefficient d'incorporation au
réseau cristallin comparable a celui du phosphore
avec en plus un rayon atomique mieux adapté au
silicium /réf. 10 ; W/ bien que son niveau
d'énergie soit un peu plus profond dans la bai»:
interdite /réf. 13 p. 33/.

b) choix de l'orientation
L'orientation <iuu> a été choisie pour la plupart
des cellules à haut rendement pour sa meilleure
qualité cristallographique et pour la plus gran-
de facilité de texturisation de la surface. Ce-
pendant, des expériences indiquent que ce paramè-
tre ne joue pas un rôle prépondérant /11/.

c) nature du tirage cristallographique
Les photopiles de rendement élevé sont presque
exclusivement réalisées, à une exception près
/43/, sur du matériau tiré par la technique en
"Zone Flottante" (FZ) avec une purification de
zone multiple. Ces matériaux ont,en généraI1 des
longueurs de diffusion des porteurs minoritaires
plus élevées dans la base (c'est a dire dans la
zone du cristal qui reste "vierge") que celles
obtenues pour un tirage du type Czochralski (CZ
pour la même résistivité /14-16/. Le matériau CZ
contient, en général, plus d'impuretés que le FZ
et présente une tendance plus marquée à la for-
mation de précipités d'oxygène et de microdé-
fauts dans certaines gammes de températures /16-
18/.

En ce qui concerne l'exception, il semble, que le
succès de cette cellule h structure P NN doit
plutôt être attribué au fait que les longueurs
de diffusion sont moins dégradées par l'utilisa-
tion d'une technique simplifiée de formation si-
multanée de la jonction et du champ arrière de
sorte que la valeur initiale de la longueur de
diffusion du substrat vierge de type CZ perd de
son importance.

d) résistivjté du substrat
Pour un choix approprié de la résistivité de
la base, il faut distinguer deux cas :

- sans champ arrière (Back Surface Field B.S.F.)
Le rendement est un compromis entre les va-
leurs de la lo-igueur de diffusion dans la base
qui sont d'autant plus réduites que le dopage
augmente (dû à l'importance croissante de la
recombmaison Auger) et les valeurs du courant
de saturation qui sont d'autant plus élevées
que le dopage est faible. Il en résulte une.
plage optimale de résistivitë relativement
large de 0,1 à IUcm.
Cependant, ceci n'est vrai que pour des maté-
riaux très purs (c'est à dire sans impuretés
hormis Ie dopant).
En général, les faibles résistivités contien-
nent plus d'impuretés de sorte qu'il fut pen-
dant longtemps impossible de choisir une ré-
sistivité proche du maximum. Ce n'est que de-
puis dix ans qu'on peut obtenir des matériaux
assez purs, dans la plage de résistivité 0,1
à 0,3HCiIi, qui servent de base aux meilleures
photopiles actuelles.

- avec champ arrière (BSF)
Un champ arrière n'est efficace que pour les
valeurs de résistivité élevées pour lesquelles
les porteurs minoritaires peuvent atteindre le
contact arrière.
En ce référant à la figure 1 reportée par
GREEH /13/, on peut vérifier que les valeurs
maximales du rendement->i de la tension en cir-
cuit ouvert V,.,, et du courant de court-circuitco
'ce sont mo'ns '«arquées et forment presque des
paliers du côté des faibles dopages.

e) épaisseur du substrat
L'épaisseur de la cei iule est rarement optimi-
sée, c'est souvent une donnée fixe qui varie,
pour les cellules à haut rendement les plus ré-
centes,ei)tre 200 et 380 juin, bien que les calculs
théoriques de M. UOLF /8/ indiquent que la va-
leur optimale se situe à SO jrni.

En principe, l'épaisseur devrait être adaptée a



la valeur de la résistivité (plus mince par exem-
ple pour une faible résistivité a la condition
qu'il y ait un champ arrière). Ce sont les con-
traintes mécaniques qui déterminent souvent le
choix d'un substrat plus épais.

Ce paramètre reprendra son importance que lors de
l'utilisation de matériaux tirés sous forme de
ruban.

Figure 1 (Fig. 8.8, réf. 13, p. 149)
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f) influence de la fabrication
La grandeur physique qui est la plus déterminante
est la longueur de diffusion des porteurs minori-
taires dans la base. 11 n'y a pas de choix opti-
mum pour les paramètres cités jusqu'ici tant qu'on
ne maîtrise pas parfaitement les procédures de
fabrication de la cellule.

Les longueurs de diffusion dépendent autant des
traitements que subit le substrat que des paramè-
tres intrinsèques.

Chaque étape a une certaine influence : le sciage
le décapage chimique et surtout les traitements
thermiques /16/. On peut facilement atteindre une
durée de vie de 1 msec (pour une résistivité de
0,2ttcm) dans le substrat vierge, ce qui corres-
pond à la limite donnée par la recombinaison Au-
ger /20/. La difficulté est de la conserver au'
fur et a mesure des traitements jusqu'à l'opéra-
tion finale. Malheureusement les cellules à haut
rendement les plus récents n'ont "seulement" con-
servé des durées de vie de 20 à 25^jsec. pour la
résistivité citée ci-dessus. Chaque doublement de
la valeur de la durée de vie permettrait un gain
de rendement de 0,b % avec, en principe, cinq dou-
blements possibles. D'autre part, des expériences
montrent que les matériaux FZ et CZ nécessitent
des traitements thermiques totalement différents.

Des rampes rapides de température sont nécessai-
res pour le CZ afin d'éviter la formation des
précipités d'oxygène /16,21/, suivies d'un re-
cuit, postérieur au traitement thermique, à une
température de 450"C /22/, tandis que le FZ con-
serve mieux les longueurs de diffusion lors d'un
refroidissement lent suivi d'un post-recuit
thermique à 55O0C.

g) champ et réflecteur arrière
(Back Surface Field and Reflector : BSF-BSR)

- Le champ arrière : est constitué par un dopage
plus élevé en face arrière de sorte que les
porteurs minoritaires soient renvoyés et que
la recombinaison effective de surface soit
très faible /41/. Un contact arrière du type
BSF peut être créé soit par implantation ioni-
que /31/ soit par formation d'un alliage Alu-
minium /réf. 13, p. 1?9/.

- un réflecteur arrière : est un contact en for-
me de surface Lambertienne qui réfléchit la
lumière uniformément dans toutes les direc-
tions. Ceci permet d'augmenter l'absorption du
proche infra-rouge.

Les contacts du type BSF et BSR sont effec-
tifs seulement si l'épaisseur du substrat



n'excède que de très peu la longueur de diffusion
dans la base de sorte que l'influence de ces para-
mètres devient douteuse lorsque, par exemple, la
photopile à une épaisseur de 380 jim pour une lon-
gueur de diffusion de 150 41111 /31/.

2. le contact frontal

a) la Jonction
II y a presque autant de façons de réaliser une
jonction que de cellules solaires, chaque techni-
que présentant ses avantages et ses inconvénients.
Les plus importantes sont :

- la diffusion thermique en phase gazeuse (par
exemple POCl,) ;

- l'implantation ionique (avec séparation de nias-
se) suivie d'un recuit thermique classique /31/
d'un recuit transitoire par laser /32,33/ ou
par canon a électrons /34/.

- "l'incrustation ionique" (implantation sans sé-
paration de masse) suivie d'un des recuits pré-
cédents /35, 36/ ;

- la diffusion induite par laser de l'élément do-
pant /37/.

Pour les détails de la réalisation de la jonction
se référer aux différents articles. Cependant, il
est à noter que les meilleures photopiles ont tou-
jours été fabriquées en utilisant la diffusion
classique /29/ bien que les meilleures cellules
implantées actuelles dépassent 17 à 18 % sous AMI
/31/.

Toutes ces structures ont en commun une jonction
superficielle (<0,3^im) afin d'améliorer la ré-
ponse de la cellule dans le bleu et réduire l'ef-
fet de la recombinaison de l'émetteur. D'autre
part, pour réduire la résistance superficielle à
des valeurs comprises entre 100 et 300A/Q , on
augmente la concentration du dopant dans la zone
frontale sans toutefois dépasser la solubilité-,,
limite du dopant qui est par exemple de 2-3-10
cm pour le phosphore à une température de
85O0C /38/.

L'optimisation de la grille permet de compenser
en partie les valeurs élevées de la résistance
superficielle. Mais en réalité, se sont les limi-
tes de résolution de la technologie utilisée pour
déposer les contacts qui déterminent la limite
supérieure de la résistance superficielle ou la
profondeur minimale de la jonction.

Pour le choix du dopant de la zone frontale, nous
disposons de la même liste d'éléments que pour le
substrat. C'est le phosphore qui a été presque
exclusivement utilisé dans la littérature quoique
l'arsenic présente l'avantage indéniable d'avoir
une constante de diffusion de deux ordres de gran-
deur plus faible que celle du phosphore a 100O0C
/38/ de sorte qu'à la même température, les jonc-
tions à l'arsenic sont plus superficielles. Par
contre, cet élément a l'inconvénient majeur de
nécessiter une température plus élevée pour l'ob-
tention d'une valeur acceptable de la résistance
superficielle, ce qui est néfaste pour les lon-
gueurs de diffusion dans la base.

b) passivation de la surface
On appelle "passivation" les méthodes qui consis-
tent à réduire la recombinaison de surface. On
utilise le plus souvent les techniques de dépôt
d'une couche d'oxyde mince (de 60 a 100 A), la
formation d'un "champ conducteur" ("drift-field")
qui draine les porteurs minoritaires vers la jonc-
tion, ainsi que les techniques de neutralisation

des défauts et des liaisons pendantes de surface
par hydrogénation.

Il y a deux raisons majeures pour tenter d'éli-
miner la recombinaison de surface. La première
permet d'accroître le courant collecté au niveau
de la jonction et des contacts et d'améliorer
ainsi la réponse dans le bleu de la photopile
comme nous l'avons illustré sur la figure 2, is-
sue des travaux de ROHATGI et al /30/.

Figure 2 (Fig. 4 de réf. 30) : Rendement quanti-
que interne I JateanaJ. Quantum C.(./HcJ.encu> d'une
cettute nan pa44À.vée de /5,6% de /lendemettt et
d'une cettute de 16,9 % de rendement munie
d'une coucfte jl ' oxyde ixmj.vante, lêatijée.-) AWI
du -iHicium FZ de 0,1 à 0,2 A cm.

La seconde permet de réduire la contribution de
recombinaison de surface ou courant de satura-
tion (voir figure 3) et d'accroître ainsi la
tension en circuit ouvert (se référer aux résul-
tats du Tableau I).
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Figure 3 (Fig. 2 de réf. 27) : Valeur expàni-
meniutet du confiant de -wt.u4at4.on d'une, cettute
V£SC (léatt-iée 4ttn du iiiicÀum PZ de 4è.}4-4tivi.tê
il, in. an I en (omet i un de ta tempénatune d'oxuda-
tivn.
Le^ vuleui4 ont i'ti> me^u/iée-i à 270C,
Le ata/rfaque maniée t'yaleinetit -ta dêcomf



la plus probable du courant total de saturation
en une composante provenant de la base Jh
et une composante provenant de l'émetteur J .

SOLA* CELL DATA ON 0.1-0.2-0 • cm FLOAT-ZONE SILICON WITH AND
WITHOUT OXIDE PASSIVATION

ClII IO JJE.' ,&. FUI Factor
Efricltftcy
I

UITHOUT once naîHtnai
C-2
C-5

3I.B
31.7

0.613
0.612

0.002
0.747

15.6
15.5

UITH OUK PASSimion

C-J
c-t

c-9
C-IO
C-II
C-Ii

33.0
33.2

N'

31.7
35.1
36.0
36.0

0.62T
0.62B

ISimiOK Ui

0.626
0.62«
0.620
0.627

0.815
0.615

D OOUBLt- UItP- Ul

O. BlO
0.603
0.606
0.600

16.4
17 O

17.6
17.6
16.0
16.1

Tableau I (Table IV de réf. 30) :?wiaatèUe^ plw-
tovoliaïnuei d'une ce.lluJ.it tolaiie léaU-jée AUA.
du -iiiiciim FZ de /ie4i-tii.vi.ie 0,1 à 0,2Q.an avec
et ton*) couche d'uxyUe pa-iiivante.

La création d'une couche d'oxyde SiOp réduit la
vitesse de reconibigaison, de valeurs généralement
comprises ontre 10 et 10 cm/sec à une valeur
de quelques centaines de cm/s.
Une couche de même nature peut être utilisée com-
me traitement antireflet (AR), mais il faut optimi-
ser l'épaisseur des couches AR et passivante
indépendamment.
Afin de minimiser une autre contribution impor-
tante au courant de saturation de la diode, qui
est celle résultant du contact métal-silicium,
des techniques spécifiques de formation du con-
tact sont mises en oeuvre, telles que l'utilisa-
tion d'un double niveau de dopage (high-low junc-
tion) /30/, de structures du type métal-isolant-
semiconducteur illustrd sur la figure 4, issue de
M.A. GREEN /25/, ou d'autres techniques particu-
lières.
La passivation de la face arrière est moins im-
portante et seulement utile, si la longueur de
diffusion dans la base est suffisamment grande
par rapport a l'épaisseur du substrat /30/.

c) les metallisations
Les critères les plus importants pour un contact
métallique sont : une bonne adhésion, une faible
résistance de contact entre le métal et le sili-
cium, une bonne conductivité.

La plupart des cellules utilisent un dépôt multi-
couche, par exemple, une couche mince de titane
ou de tantale pour leurs propriétés d'adhésion et
de faible résistance de contact, suivie d'une cou-
che mince de palladium pour un problème de compa-
tibilité en présence d'humidité entre le titane
et la couche suivante d'argent déposée en couche
épaisse pour assurer une bonne conductivité.

Les contacts sont déposés par une evaporation
sous vide, qui peut être suivie, parfois, d'un
dépôt électrolytique ou d'un trempage dans un
bain pour augmenter l'épaisseur d'argent (solde-
ring). Les metallisations subissent ensuite un
recuit à 500-60O0C afin d'augmenter l'adhésion
par un alliage en surface.

Les grilles sont réalisées, en général, par
masquage ou par photolithographie. Celles-ci doi-
vent être optimisées, ce qui conduit à un compro-

mis entre les pertes optiques (2 à 5 % dans les
meilleurs cas) et les pertes ohmiques, si les
doigts de la grille sont trop espacés. La dis-
tance optimale entre deux doigts consécutifs est
comprise entre 5 et 10O1Um. Pour plus de détails
sur la technologie des grilles, se référer aux
travaux /39/, /réf. 10 pp. 207-210/, /réf. 13
pp. 123-130, pp. 145-147, pp. 153-161/.

Pour le contact arrière, l'aluminium semble le
mieux adapté, il est le plus souvent déposé par
une sérigraphie suivie d'un recuit thermique as-
surant l'alliage et la formation d'un champ ar-
rière /réf. 13, pp. 129-130/.
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d) la texturisation de la surface
La texturisation d e l a surface est obtenue par un
décapage sélectif (anisotropique avec de la sou-
de diluée) sur du silicium d'orientation <1UO>
de sorte qu'il se forme le plus souvent une struc-
ture du type pyramidal.

GREEN et BLAKERS /29/ ont réalisé des petits sil-
lons par microgravure en utilisant les techniques
de la photolithographie.

Les avantages d'une texturisation :or>t les sui-
vants :
- une réduction sensible de la réflexion.
- un renforcement de l'absorption optique. La lu-
mière entre sous un angle oblique de sorte qu'el-
le est absorbée à une profondeur moindre, plus
proche de la jonction. Ceci à pour résultat une
augmentation significative de la longueur de dif-
fusion effective.

Les inconvénients d'une surface texturisée sont :
- une augmentation de la température de la photo-
pile sous éclairement résultant de l'accroisse-
ment de la quantité d'infrarouge captés.
- une plus grande technicité dans l'élaboration
des contacts métalliques et une utilisation plus
importante de matériau.
- une légère perte de tension en circuit ouvert
V qui est due à l'augmentation de la surface
collectrice si elle n'est pas revêtue d'une cou-
che passivante.

e) la couche antireflet
Une grande variété de composés ont été utilisés
pour la couche antireflet. Ceux-ci ont été repor-
tés sur le tableau II (GREEN, /13/).

REFRACTIVE INDICES OF MATERIALS
USED IN SINGLE- OR MULTIPLE-LAYER

ANTIREFLECTION COATINGS

Wavelength, urn
figure b (Fig. b, réf. 26) : Vaieun-t cal
da Aa 'it'ffiL-iiuii en (UIH-(AOH du la VUHJJUCH/! d'un-
de phut ime pliulupî le uu 4-L-Uc^um 40/14 cuucJie A'R
("bu/Le .ii"/, une ce.f.Cufe. tmv&tuu d'une 44jnpie
cuucJte AH UiLAKI et d'une duutiie cuucJte AK (ULAK
(ÛLA'/U.

III. Les paramètres photovoltaïques
Le rendement d'une cellule solaire est le plus
souvent déduit des trois paramètres photovoltaï-
ques : tension en circuit cuvent (V ), courant
de court-circuit (I „) et facteur de forme (FF).ce

il est donné par :

= FF
VCO 1CC

(1)

Material Refractive index

MgF2
SiO,
Al2O3

SiO
Si3N4
TiOj
Ta2Os
ZnS

1.3-1.4
1.4-1.6
1.8-1.9
1.8-1.9
~1.9
~2.3

2.1-2.3
2.3-2.4

Tableau II (Table 8.1, réf. 13, p. 164) : JnJi
du matt'uuiix

o- vi
[jittti

Les meilleurs résultats ont été obtenus,soit avec
un dépôt de Ta,0,- /31/, soit avec un dépôt d'une
double couche fpar exemple une combinaison de Zns
et MgF?). L'utilisation d'un de ces dépôts réduit
les pertes de réflextion en-dessous de 2 % pour
les longueurs d'onde comprises entre 460 et 940
nm /26/ ainsi que nous l'avons illustré sur la
figure 5.

Dans le passé, on utilisait le plus souvent une
couche de SiO qui est plus simple à évaporer, mais
qui présente l'inconvénient d'absorber dans le
visible /réf. 10 p. 205/. L'optimisation de la
couche antireflet doit prendre en compte la pré-
sence éventuelle d'une couche passivante. De plus,
la couche AR peut avoir une influence supplémen-
taire autre que son effet ântireflet /40/.

où P. désigne la puissance incidente /13/.
(Pj = 100 mW/cmZ pour un éclairement AHl).

Chaque paramètre photovollaïque dépend des para-
mètres du matériau cités dans le chapitre II
d'une façon intrinsèque ou extrinsèque.

1. Le courant de court-circuit I
Les facteurs intrinsèques permettant une amélio-
ration du courant I sont :
- une longueur de diffusion élevée résultant
d'une réduction des défauts cristallins et des
impuretés autres que le dopant.
- une diminution du niveau de dopage de l'émet-
teur {"reduced heavy doping") pour éviter les
effets d'un dopage élevé comme la réduction de
l'énergie d'activation de la bande interdite
("bandgap narrowing").

Les facteurs extrinsèques sont :
- une jonction très superficielle.
- une faible réflexion de surface par l'utilisa-
tion d'une double couche AR et d'une texturisa-
tion.
- une grande surface active avec peu de pertes
optiques.
- une passivation de la surface par un dépôt
d'une couche de SiO~ ou une neutralisation par
hydrogénation des défauts.
- un réflecteur arrière (BSR) et un champ ar-
rière (BSF) qui peut également servir de couche
passivante.
- une résistance de la zone frontale faible : au



niveau de la résistance du contact métallique (dé-
pôt électrolytique, par immersion etc...) au ni-
veau de l'interface métal-silicium et également
faible pour la couche superficielle (par un dopa-
ge relativement élevé dans l'émetteur conjugué à
une optimisation de la grille).

2. La tension en circuit ouvert V
La tension en circuit-ouvert depena essentielle-
ment du courant de saturation. Il faut donc mini-
miser la recombinaison a travers toute la cellule
pour augmenter le V .

Les facteurs intrinsèques sont :
- une faible recombinaison dans la base (matériau
très pur).
- une recombinaison réduite dans la zone de char-
ge d'espace (matériaux exempts d'impuretés, avec
peu de défauts indroduits lors de la formation de
la jonction).
- une faible recombinaison dans l'émetteur (jonc-
tion superficielle).

Les facteurs extrinsèques sont :
- une faible probabilité de recombinaison en sur-
face par l'utilisation de la passivation et des
champs arrière.
- une résistance de shunt élevée afin de réduire
les fuites de courant à travers la jonction.

3. Le facteur de forme FF
Pour ce paramètre, tes facteurs intrinsèques qui
l'augmente sont liés a un gain de tension en cir-
cuit ouvert et à une diminution du courant de sa-
turation, tandis que la résistance série et de
shunt peuvent être considérées comme des facteurs
extrinsèques (voir figure 6).

IV. Conclusion
Les premières tentatives d'amélioration du rende-
ment de conversion photovoltaïque d'une photopile,
datant de 10 a 20 ans, avaient pour objectif prin-
cipal une augmentation du courant de court-circuit
(Icc) en optimisant la couche antireflet (AR),
le champ arrière (BSF) et la surface par texturi-
sation. La tension en circuit ouvert V est
restée pendant longtemps en dessous de Ya bare
des 600 mV. Celle-ci n'a été franchie que depuis
dix ans avec l'arrivée de matériaux plus purs,
associés à une meilleure compréhension des effets
d'un dopage élevé et du rôle de la recombinaison
de surface sur la valeur de V .La passivation
de celle-ci»associée à un dopage réduit de l'émet-
teur a permis de réduire considérablement les
pertes superficielles. Néanmoins, les photopi-
les qui ont dépassé les 17 % de rendement (voir
tableau III) n'ont pas été réalisées à l'aide de
concepts révolutionnaires (sauf pour la passiva-
tion de surface) mais par une optimisation très
soignée de toutes les phases consécutives de
l'élaboration de la pile solaire. Le plus bel
exemple de ce type est la cellule réalisée par le
groupe de l'Université de NEW-SOUTH-WALES (Austra-
lie) qui a franchi cette année le seuil des 20 %
(figure 7).

Le fait le plus remarquable est que des celli'les
préparées par des processus très différente comme
la diffusion thermique classique, l'implantation
ionique avec ou sans séparation de masse suivie
d'un recuit thermique ou transitoire par laser,
ont toutes obtenu un rendement de conversion éle-
vé, ce qui constitue une preuve supplémentaire du
soin à apporter à la succession des opérations de
préparation de la photopile plutôt qu'au choix du
procédé de dopage. Il est à noter, cependant, que
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Figure 6 (F ig . 5.8 réf . 13, p. 97) : influence

/Jiuluvijitai'tiuf.-i : lui /lé.it.jtance en -tdiie, IbI
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rolcrogroove

L
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Figure 7 (F ig . 1, réf . 29) : ietlule à haui ien-
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les Meilleures cellules ont été obtenues par la
technique de diffusion.

AIr Mass 1
100mW/ci2, Z8*C

O

1982
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1963

1964
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19*3
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Université

Catholique, Ltu-
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University of Net
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iplre Corpora-

tion (USA)
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Paramètres relatifs
au matériau

•

FZ.r
111
100

CZ. n
100

FZ.P
111

FZ.p
100

FZ.p
100

FZ.p
100

FZ.P
100

FZ.p
100

FZ.P
100

FZ .n
100

FZ, n

R
é

sistivité
 du

substrat 
(O

hm
cm

l

7.

O.
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0.2

0.2

0.1

0.2

0.3

0.3

1-3

E
paisseur de la

c
e
llu
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 lu»)

33

330

250

375

280

280

280

280

380

300

2ETn
IF*

400

168
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200

ISO

200
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160

300

P
rofondeur de la

jo
n
ctio

n
 fe

rn
)

0.3

0.3

0.3

0.3

0.2

0.2

0.2

0.2

0.3

.15

R
ésistance ca

r-
rée

 (O
hm

/a)

SO-
120

BO-
120

60-
80

60-
BO

100-
300

100-
300

00-
150

00-
150

100

20-
30

Paramètres
photovoltalques

I
c
e

 lm
J(/cm

2)

35.'
35. <

35.

36.2

36.

35.

36.0

37.0

38.3

36.1

34.0

35.7

8*
§

602
603

623

600

62

64)

663

6S4

661

622

657

6OB

•n•n

»«

77.
78.

78.0

79.3

80.

82.2

81.1

82.9

82.4

80.1

76.3

R
endem

ent 
(C

)
16.

17.

17.2

18.1

18.7

19.1

20.1

0.9

8.0

6.8

6.5

R
éférence

43

43

30

30

25

19.4

25

ig»

29

Igt

29

3l

42

47

Description

Face avant:Dépot chimique en
phase vapeur(CVO) de bore
Face arr1ere:Dépot de phosphore
Formation simultanée jonction/
BSF («0 - «O'CJ
Contacts TI-Pd-Ag (Surface cou-
verte 3.5S)

Simple couche AK (Tâ O.)

Identique, mais Resist, differ,
et type différent

Jonction par Oiff. POCL3. SSO'C
Concentr. réduite en surface ,
reduced heavy doping, 10« cm '

BSF par diffusion tare, 950'C
Contacts T1-Pd-Ag(Surf.couv.2%
Passivation SiOt, therm. IOOA
Simple couche AR (Spin-on)

Cf. resist Iv It* 40hmcm
Double couche Aft,TiO,/SiO,,
spin-on c

HINP •etal-insulator-Uejunctlon
Jonction par Dlff .POC1,,800'C
BSF par alliage Al et recuit di
contact
Réflecteur face arr. (BSR)
Contacts Ti-Pd-Ag, dépôt electn
lytique (electroplating)

Passivation SiO1, therm. IOOX,
en dessous de la métal 1. 2OU
(effet tunnel)

Double couche AR (ZnS/MgF,)

PESC fassivated Emitter Solar
tell
Comte la structure NINP, Mis
avec contact direct entre
métal et semiconducteur

'ESC microgrooved
:omm structure PESC
TeiUurisatlon en forme de
sillons (microgravures)
•ertes par réflexion 0.21
Surface couv. par grille 3.21

Cf. resist ivité O.lOhmcm

Jonction implantée (31P, éneç-
gle SkeV. dose 5.2«IO»cm~*.
recuit 3 étapes 550-850-550'C)
BSF I "B, en. SOkeV. dose
10"civ*. recuit 2 étapes
550-950'C)
TextuHsation
Contacts TI-Pd-Ag. dépôt él.lyt
Passivation SiO1, them. IOUA
Simple couche AX (Ta2O5)

loMtlon implantée par décharge
[Meuse, sans séparation masse
BF,, IkV)

Recuit par laserffxcimer 30B«a,
1.4 J/cm2)

Grille Tt-Pd-Ag (Surf .couv. Sl)
k'gcnorat ion de la face arr.
liar cuuctie Sb 75X (sert égale-
ment come BSF)

Double couche KR (Ta^O11NgT4I

Tableau 111 : (.voiu.ti.an4 aéceiite* de-t ceiluie* à haut lentement.
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Electron diffusion length in p-type virgin silicon has been measured by the surface
photovoltage method after rapid thermal processing as a function of process time duration and
process temperature. The results obtained are consistent with a model involving defects acting
as a single dominant recombination center induced in the bulk. This recombination center is
responsible for the severe degradation of the diffusion length, even at process temperatures as
low as 600 *C. An activation energy of 1.48 ± 0.28 eV is found for the center introduction rate.
The work shows that the diffusion length measurement is a very sensitive tool in the study of
rapid thermal process induced recombination centers in the bulk, with direct correlation to
device performance.

In recent years, rapid thermal processes (RTF's) ' have
been widely studied to replace conventional thermal pro-
cesses. A comprehensive review of RTF's has just been pub-
lished2 which shows the widespread use of this technique in
device fabrication processes but does not get into the prob-
lem of RTF-induced defects. Typically RTF thermal cycles
consist of a rise in temperature in a few seconds, than a pla-
teau at a temperature T with time duration Af from a few
seconds to a few minutes, followed by a rapid cool-off in a
matter of seconds. Hence, RTF inherently includes a
"quenching" step with a cooling rate typically around
100 *C/s. In silicon, this quenching is the origin of many
defects.3"10 These defects are of greater importance in de-
vices where carrier transport is controlled by carrier lifetime
such as in solar cells."'"'13

So far, RTF-induced defects have been generally studied
by deep level transient spectroscopy (DLTS). A number of
energy levels have been found. ̂ 10 These are believed to be
either intrinsic defects or impurity-related defects activated
by the thermal process. However, the energy levels observed
vary from one work to another. In many cases, no energy
levels appear after RTF.7-10 These results possibly reflect the
contention that RTF-induced defects are related to residual
impurities found in the Si crystals and, hence, would vary
with the different crystals used by different workers. Or, it
could be that the defect concentrations are below the limit of
detection by DLTS which is around 10" cm ~ J for most lab-
oratories. Yet, even where levels are observed, it is difficult
to see how those found, with their corresponding capture
cross sections, would degrade the minority-carrier lifetime
or, equivalently, the minority-carrier diffusion length to the
extent observed."'"J2 Except for near midgap levels, which
would likely have recombination activities, observed levels
closer to the conduction or valence band would merely act as
carrier traps and are not likely candidates in the degradation
of the minority-carrier diffusion length. Unfortunately, so
far to our knowledge, only one work done at our laboratory
has proven, by the DLTS clear technique, the recombination
aspect of a level induced by RTF,13 namely, the level at Ec
— 0.56 eV, in «-type phosphorus-doped Si. It is worth not-

ing that only a few experiments yield this level3*5'13 in n-typc

Si, while others report no levels at all after RTF in n-type
Si.7''0

To complicate even more the picture of RTF-induced
defects, some published results7 tend to show that these de-
fects might be related to the impurities implanted or diffused
in the process of making p-n junctions.

In the light of these confusing results by DLTS on RTF-
induced defects in Si, and, with the unclear effect of the ob-
served energy levels on a whole class of devices like solar
cells which rely on the minority-carrier diffusion length, it
seems very appropriate to study directly the effects of RTF
on the minority-carrier diffusion length in Si. Any observed
effect would be related only to those RTF-induced defects
which have recombination activities. This limitation does
not impair the usefulness of the study, but on the contrary,
would focus on those aspects which are useful for devices
operating at room temperature where mere traps ave usually
not relevant.

In this letter, we report measurements of electron diffu-
sion length in virgin boron-doped ( 100) silicon of various
resistivities after RTF. Czochralski pulled (CZ) and float-
zone grown ( FZ) crystals are both used to observe the effect
of oxygen. The electron diffusion length is measured by the
surface photovoltage method (SPV).I4>IS This method al-
lows us to probe the samples in depth and to study the effects
of RTF in the bulk, without the need for making contacts.
Hence, all surface effects are ruled out and there is no com-

. plication arising from junction fabrication.
Samples of dimensions typically 1 cm X 1.5 cm are cut

out from commercially available 4 in. wafers. They are
lapped on both faces with Aloxite 125 grit (average grain
size s9^m). Then, one face is etched in (5:3:3) HNO3.
HFtCH3COOH solution for 60 s which would remove
roughly 15pm. The resultant thickness is about 450pm. The
RTF is then done at plateau temperatures T between 400
and 1150 "C in the commercial furnace Heatpulse (AG As-
sociates, Palo Alto, CA 94303 ) for plateau time durations Ar
varying between 10 and 300 s, with a cooling rate of around
SO "C/s. The relative error in temperature is ± 3.5 'C The
error in the diffusion length measurement is estimated at
± 10%.
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Figure 1 shows the evolution of electron diffusion length
I, as a function of RTP time duration Af, with RTP tempera-
ture T'as the parameter, in B-doped, 9.8 fl cm, ( 100) FZ
silicon.

In the temperature range 400-500 'C, we observe little
variation between the curves. In this range, at Af < 20 s, we
note an increase in L compared to the pre-RTP value of 220
fan. Considering the thickness of the samples, the measured
values of L here represent effective values.M It is interesting
to recall that this improvement in the effective values of L
occurs in the temperature range where such improvement in
lifetime has been observed.16-17 This improvement in L also
occurs in CZ samples.

At longer Ar, for this temperature range, L drops before
recovering. It appears that two mechanisms are occurring.
The first is an introduction of recombination centers degrad-
ing the diffusion length, while the second is a still undeter-
mined "recovery effect" which is evident only for sufficient-
ly long-time duration (Af > 100 s).

The curve at 600 'C represents an accentuation of the
two mechanisms mentioned above: the introduction rate of
recombination centers is now much more important while
the "recovery effect" is weak. Even at Af s 10 min, a full
recovery of L is no longer observed.

The introduction rate of recombination centers is a
strong function of RTP temperature leading to a severe deg-
radation of £ for T> 700 *C. At these temperatures, the "re-
covery effect" observed for T< 600 "C and Af > 20 s is negli-
gible. The introduction rate, however, levels off in the range
800*C<r<900*C before increasing again. It should be
pointed out here that published OLTS results indicate that,
below a temperature 7" around 900 "C, no levels are record-
ed, I3JK even in the case where midgap levels are subsequent-
ly observed for higher T".13 This would imply a defect con-
centration, for T< 900 *C, around or below the detection

B.doped 9.8 CJ-Cm(IOO)FZ Si

800* C
9OTC

-L> * KKWC nan lapped
"1OQO1C

200 300 600

At (sec )

FIG. 1. Evolution of electron diffusion length L in /Kype ( 100) 9.8 Sl cm
FZ Si after RTP as a function of RTP time duration with RTP température
as the parameter. The solid curves correspond to lapped samples, the dotted
curves correspond to nonlapped samples.

limit of 10" cm ~ \ With this low concentration, to degrade
L to around 60 ̂ m at T= 700'C, as we have measured,
would require a very large capture cross section of the order
of 10 " " cm2, as estimated below.

Previous workers6'13 have observed that thermal pro-
cess induced defects are dependent on the surface treatment
and have concluded to a defect diffusion mechanism from
the surfaces. An experiment was therefore carried out in
which the surfaces of the samples were left as obtained from
the vendor (one face polished optically, the other face
brightly etched). The dotted curves in Fig. 1 show the re-
sults. In this case, the curves of L vs A/ are higher than the
similar curves with surfaces treated (one face etched, the
other face lapped) by a small factor. We note that the degra-
dation mechanism is overcome by the "recovery effect" at
times Af shorter than in the lapped surface case. The result is
qualitatively in agreement with other workers6-13 and indi-
cates that surface treatments do play a role.

If N is the concentration of recombination centers re-
sponsible for the degradation of L at a given Af, a plot of A'as
a function of T would give the functional dependence of the
introduction rate on T. Henceforth, we shall choose Af = 10
s, since it appears from Fig. I that, for Af = 10 s and
T> 800 'C, the degradation mechanism dominates without
the complication from the still undetermined "recovery ef-
fect" observed at longer Af. Since we have L = JBr and
r = ( l/ffNuih ), where D is the electron diffusion coefficient,
T is the electron lifetime, a is the electron capture cross sec-
tion, uth is the electron thermal velocity, and N is the concen-
tration of recombination centers, we can derive

Hence, a semilogarithmic plot of L as a function of 7" would
show the functional dependence of the introduction rate on
T. Figure 2 shows that functional dependence of L for three
resistivities of FZ material and three resistivities of CZ mate-
rial for 7>800'C. We observe a plateau for 800 *C
< r< 900 *C, then a degradation which is linear in this plot
of log L vs IAT. Note that the straight line fit to the CZ data
points is higher by a factor of s:2 than the straight line fit to
the FZ data points. This simple functional dependence leads

10' 800*C 1000 «WC

i

.1100 900 E .0.7IeV

8.dopcd (100) CZ Si
o 0.6 flcm
< 16 Qcm
• 6.8 53 cm

E -0.7teV

tb)

B. doped 1100) FZ Si
o 0.2 Qem
> Uftcm
• 9.tflcm

0.7 0.3 0.9 1.0 0.7 0.8 0.9 1.0

T ( K )

FIC. 2. Functional dependence of electron diffusion length L on RTP tem-
peratures in (a) CZ silicon and (b) FZ silicon.
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us to think that there is one dominant recombination center
responsible for the degradation of L. We obtain from the fit
to the plotted curves

£,<xexp{(0.74±0.14 eV)/kT],

and from the relation between L and JV, we get

Afccexp[(1.48±0.28 eV)/*7].

If the recombination centers result from a defect diffus-
ing in from the surfaces, then the concentration jV could be
dependent on the depth from the surfaces. For the SPV
method of measurement of L which is a global measurement
reaching to depths of several hundred microns, we shall then
obtain a weighted value of the distributed diffusion length.l9

A calculation of N from L will yield a weighted value of the
distribution of N as a function of the depth from the surface.

For a given 7", we can estimate N from L if we know the
electron (minority carrier) capture cross section a. The li-
terature yields two measured electron (majority carrier)
capture cross sections differing by two orders of magni-
tude.5-13 In our case, we have made SPV measurements onp-
type Si with resistivities in the range usually used for solar
cells. It is therefore not clear how to apply the published
values. Nevertheless, we can calculate the product crN from
our results. For T— 1000°C, we measure Ls20 fim (Fig.
2) and we obtain aN = D /L2utt, zzl cm~'. From a similar
calculation for T = 700 0C, taking for N the detection limit
of DLTS which is 10" cm ~ 3 , we come out with a lower limit
for cr of s 10 ~ l 2 cm2, as mentioned above. This value is very
large and points to the main discrepancy between DLTS
results and ours.

The fact that the introduction rate is independent of the
resistivities in the resistivity range studied is noteworthy.
This independence, in the range studied, indicates that there
is no significant pairing between boron and the defect re-
sponsible for the recombination centers. On the other hand,
the several orders of magnitude difference in oxygen concen-
tration between CZ and FZ materials is reflected in a longer
L (by a factor of = 2). Oxygen is known to form complex
defects with vacancies and with metallic impurities. Since
surfaces are known to be sources of vacancies, it would be
likely then that the defect observed here is related to vacancy
complexes. And so, oxygen, by pairing off with vacancies,
competes with the formation of the defects and would lead to
a lower degradation of L, as observed here in CZ material.

In conclusion, our work shows that diffusion length
measurements are a very sensitive tool to study process-in-
duced defects. It confirms previous observations that devices
like solar cells are sensitive to RTP, even at temperatures as
low as 600 0C," while other measurement techniques, like
DLTS, have given results which imply that solar cells would
be much less sensitive to RTP. It yields a thermal activation

energy for the introduction rate of the defect responsible for
the degradation of the diffusion length. It shows clearly the
effect of RTP on one aspect of carrier transport which is
fundamental to devices like solar cells, namely, the recombi-
nation aspect.

Our type of measurement being a global one, we certain-
ly have limitations in our results. The still undetermined
"recovery effect" observed at sufficiently long Af remains to
be explained. A possibility to be considered is a rearrange-
ment of the defect distribution.

This work was funded by the PIRSEM in a program of
the AFME (Agence Française pour la Maîtrise de l'Ener-
gie), thé CNRS (Centre National de la Recherche Scientifi-
que), and EDF (Electricité de France). The authors would
like to thank Dr. J. C. Muller of this laboratory for many
fruitful discussions, C. Weymann for technical assistance,
and S. Barthe for doing the RTP.

'See eds.. ]. C. C. Fan and N. M. Johnson, Energy Beam-Solid Interactions
and Transient Thermal Processing (North-Holland, New York, 1984); D.
K. Biegelson, G. A. Rozgonyi, and C. V. Shank, eds., ibid. (Materials
Research Society, Pilisburg. 1985 ) ; T. O. Sedgwick, T. E. Siedel, and B. Y.
Tsaur, eds. Rapid Thermal Processing (Materials Research Society, Pitts-
burgh. 1986).

-'R. Singh, J. Appl. Phys. 63, R59 ( 19gg)
1E. V. Astrova, V. B. Voronkov. A. A. Lebedev, and B. M. Urunbaev, Fiz.
Tekh. Poluprovodn. 29. 1709 (1985) (Sov. Phys. Semicond. 19, 1OSI
(1985)).

4J. L. Btnton, G. K. Celler. D. C. Jacobson, L. C. Kimerling. D. J.
Lischner, G. L. Miller, and Mc D. Robinson, in Laser and Electron Beam
Interactions with Solids, edited by B. R. Appleton and G. K. Celler
(North-Holland, Amsterdam. 1982), p. 765.

"L. D. Yau and C. T. San. Solid-State Electron. 17, 193 ( 1974).
"C. T. San and C. T. Wang, J. Appl. Phys. 46, 1767 ( 1975).
7G. Pensl, M. Schulz, P. Stolz. N. M. Johnson. J. F. Gibbons, and J. Hoyt.
in Energy Beam-Solid Interactions and Transient Thermal Processing,
edited by J. C. C. Fan and N. M. Johnson (North-Holland, New York,
1984), p. 347.

"E. Fogarassy. A. Mesli, E. Courcelle, A. Grob. and P. Siffert, Appl. Phys.
A 37, 221 (1985).

T T. Borenstein, J. T. Jones, J. W. Corbett, G. S. Oehrlein, and R. L.
Kleinhenz, Appl. Phys. Lett. 49, 199 ( 1986).

'"D. Barbier. M. Remram. J. F. JoIy, and A. Laugier. J. Appl. Phys. 61,156
(1987).

"J. Knobloch, B. Voss, and IC. Leo, in Proceedings of 18th IEEE Photovol-
taic Specialties Conference (IEEE. New York, 1985), p. 445.

12E. Susi. G. LuIIi. and L. Passari, J. Electrochem. Soc. 134, 1239 (1987).
1 'A. Mesli, E. Courcelle, T. Zundel. and P. Siffert, Phys. Rev. D 36. 8049

(1987).
"A. M. Goodman, J. Appl. Phys. 32. 2550 (1961), and U.S. Patent No.

4333051 (1982).
'''AnnualBook of ASTMStandards (ASTM, Philadelphia, 1982).
'"?. Negrini, L. Passan, A. Poggi, M. Servidon. and E. Susi, Phys. Status

Solidi92, 177(1985).
"K. Graff, H. Pieper. and G. Goldbach. in Semiconductor Silicon 1973

(Electrochemical Society, Princeton, NJ, 1973), p. 170.
'"W. O. Adekoya. M. Fasasi, J. C. Muller, and P. Sifiert, in E-MRS Pro-

ceedings 1985 (Les Editions de Physique, Les Ulis. France), p. 263.
'"W. E. Phillips, Solid-State Electron. 15. 1097 ( 1972).

1930 Appl. Phys. Lett.. Vol. S3, No. 20.14 November 1988 Quat, Eichhammer, and Siffert 1930



Publication 3

Inhomogeneous defect activation by rapid thermal processes in silicon
Vu Thuong-Quat,"» W. Echhammer, and P. Siffert
Centre He Recherches Nucléaires (IN2P3). Laboratoire Phase (ER du CNRS tf 292).
F-67037Strasbourg. Cedex, France

(Received 28 November 1988; accepted for publication 12 January 1989)

In silicon, rapid thermal processes are observed to induce recombination centers whose
distribution as a function of the depth below the surfaces shows an extremum towards the
middle of 1000-/*m-thick samples. This nonhomogeneous defect activation is correlated to a
surface effect. Impurity-related complexes are believed to be the origin of these recombination
centers.

In a previous article, ' we have shown that in virgin sili-
con undergoing rapid thermal processes (RTP), a dominant
recombination center induced by the RTP is responsible for
the degradation of the minority-carrier diffusion length L,
measured by the surface photovoltage (SPV) technique. We
have also noted that there seems to be a defect redistribution
as a function of the process duration, implying a non-homo-
geneous defect distribution.

In this letter, we report on a first study of the RTP-
induced recombination center distribution in our samples.
We will show that as samples are made thicker, this distribu-
tion presents an extremum towards the middle of the sam-
ples.

For this work, high-resistivity (around 2000 ft cm), /J-
type phosphorus-doped (111) float-zone silicon is used. The
high resistivity is chosen in order to obtain values of L in the
optimum range for SPV measurements after RTP. The sam-
ple surface preparation is the same as in our previous work,1

i.e., one face lapped, the other face slightly etched. Samples
with thickness v ving from 400 to 1000 joa in steps of 200
pm are prepared and then processed in a single batch at
700 *C for 10 s in a Heatpulse furnace (AG Associates, Palo
Alto, CA 94303). Another similar batch is processed at
850 "C for 10 s. Other samples, of 1000^m thickness, are also
processed at 1000 *C for 10 s.

Before the RTP, the minority-carrier diffusion length L
in our samples is measured to be greater than 500 ftm. After
the RTP, L is measured on the etched surface and on the
lapped surface. For the lapped surface, a slight etch is neces-
sary prior to the measurement in order to obtain a reasonable
SPV signal.2 To study the recombination center distribution
in depth below the surfaces, serial sectioning is performed.
To remove each time around 50 ftm from a surface, we first
lapped oft* about 35,Um, then etched off the remaining 15/tm
with (5:3:3) HNO3:HF.CHjCOOH solution. Before and
after each sectioning step, the thickness of a sample is mea-
sured with a micrometer to ± 3 ftm. After each sectioning,
L is measured by the SPV technique. With this technique,
the measurement yields a local average value in the case of a
nonhomogeneous distribution of recombination centers
such as ours.3-4 This averaging tends to smooth out inhomo-
geneities. For example, a thin layer of thickness W0 with a
concentration of recombination centers JV0 (leading to a cor-

*' Present address: California Institute of Technology, Pasadena, CA
91125.

responding L0) will not be observed if W0CQaL0. The re-
sulting measured value of L in this cue is the value of £ in the
subsequent layer. Consequently, a steep distribution will be
smoothed out. Considering the uncertainties in the mea-
sured values of L estimated at ± 10%, an inferred avenge
value obtained after each sectioning is considered to be a
good approximation to the real distribution. The serial sec-
tioning is done starting from both surfaces and is stopped
when the sample thickness is down to around 200 ftm.

The results of the measurement of L, done as outlined
above, are used to plot the recombination center distribution
as a function of the depth below the surfaces (Fig. 1 ). In-
deed, we know that L * = Dr with T = l/Nmtlt, where L, D
and T are, respectively, the minority-carrier diffusion length,
diffusion constant, and lifetime, N is the concentration of
recombination centers, cris the recombination cross section,
and DO, is the minority-carrier thermal velocity. With the
measured values of L, we can derive the product Na. Assum-
ing a dominant recombination center having a known re-
combination cross section a, we obtain N. In the previous
paper, we have already discussed the possible values for a.
Here, we assume a = 10~~IJ cm2 (see below) and hence we
can plot Was a function of depth below the surfaces. Since a
is only a scaling factor, the curves of Fig. 1 would only be
shifted vertically if another value for a is used. The form of
the distribution would remain unchanged.

At 700 *C and 20 s, [Fig. 1 (a) ], the measured values of
L at the original surfaces are rather long (LxlSOftm) lead-
ing to a recombination center concentration of s 7 X10'°
cm~3 near the surfaces. This is in agreement with our pre-
vious results which indicate little degradation for this tem-
perature and time duration. However, as we look at thicker
samples, we observe a more severe degradation of L deep
down below the surfaces. The distribution shows a maxi-
mum of =s3x 10" cm"3 corresponding to a measured L of
X^S ftm.

At 850 *C and 10 s, [Fig. 1 (b) ], the measured values of
L at the original surfaces are much more degraded than at
the lower temperature. We obtain Ls35 ftm for the etched
surface and L varying between 35 and 55 ftm for the lapped
surface. Strictly speaking, we cannot make SPV measure-
ments on a lapped surface because ihe SPV signal is too small
( < 1 f t V ) . So, in order to perform the measurements, we
have to etch off from a few microns to = 10 ftm. Hence, the
values measured at the lapped surface are in fact values a
little below the surface. Since the distribution near a lapped

1235 Appl. Phys. Lett 54 (13). 27 March 1989 0003-6951 /89/131235-03W1.00 © 1989 American Institut* of Physics 1235
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FIG. 1. Recombination center distribution in samples of different thick-
nesses, as derived from measurement of the minority carrier diffusion
length L coupled with serial sectioning of the samples. Samples are pro-
cessed at (a) 700 *C. lOsand (b) 850'C, IO s. The solid lines are derived
from the results of the measurements of I. The doited lines (—) are drawn
to guide the eye and represent the remaining thickness after the sectioning.
The distribution in the I000-/im-thick sample processed at 1000 'C, 10 s is
drawn with (— —) line in (a).

surface is quite steep, the measured data show a scatter
among the different samples reflecting the uncertainty in the
amount etched off. With the value of L at the etched surface,
we have Nzs 8x10" cm"3. As we go deeper below the sur-
face, L increases to a maximum of x 100/zm corresponding
to a minimum in the concentration Nof =8x 10'° cm"3.
Afterwards, L decreases again. Similar to the distribution at
700 *C, we have an extremum of=7 X10" cm ~J in the con-
centration of recombination centers deep below the surfaces.

The same general features are also observed in the distri-
bution of recombination centers in a 1000-jum-thick sample
processed at 1000 *C for 10s [Fig. l ( a ) J .

Thermal treatments are known to introduce defects in
silicon. The generally accepted idea is an activation of
grown-in metallic impurities by the heat treatment.5 This
idea is supported by the fact that the purer the crystals
(higher resistivity crystals or crystals specified as high puri-
ty), the less the degradation of L, at a given RTP tempera-
ture. However, this impurity activation is strongly depen-
dent on the state of the surface prior to RTF.6 The more
damaged surface induces more recombination centers as

measured by SPV at the surfaces undergoing RTP. This ob-
servation is qualitatively in agreement with classical furnace
heat treatment results.7 The present work shows another di-
mension in this influence of the surface on impurity activa-
tion by RTP. As clearly shown in Fig. 1, as the samples get
thicker, i.e., as we stay far away from the surfaces, the impur-
ities are more activated than closer to the surfaces, except for
the near surface regions where, for higher temperatures, the
activation is highest at a damaged (or incompletely etched)
surface creating an accumulation layer of defects. At the
lower temperature of 700 "C, it is possible that we also have a
thin accumulation layer at the surfaces. However, this thin
layer would not be seen by our measurement technique as
mentioned above. These accumulation layers could be due,
in part, to unintentional contamination as discussed below.
The results showing the effect of the state of the surface on
impurity activation suggest that intrinsic defects are in-
volved. As shown below, the recombination center responsi-
ble for the degradation of I observed after RTP has a very
large recombination cross section with a lower bound of
s 10~l3 cm2. No metallic impurity deep levels are known to
have such large cross sections. Hence, we believe that impu-
rity-related large complexes are the origin of these recombi-
nation centers. More precise quantification of the degree of
surface damage is necessary n order to study this surface-
related problem of impurity ictivation. Work is being done
along that line and will be published later.

The form of the nonhomogeneous distribution of RTF-
induced recombination centers shown here cannot be the
result of a nonhomogeneous temperature distribution1 con-
sidering the long time duration (1Os) involved but suggests
a gettering mechanism. It has been shown that RTP induces
an enhancement of the diffusivities9"" and hence, an extrin-
sic getter - ̂  effect by the damaged surfaces could be consid-
ered. Yet, so far, attempts to getter active impurities by RTP
have shown negative results. Further work is still in prog-
ress.

On our samples which have been serially sectioned
down from 1000 /on to finally «200 pm, and which now
represent the slices located at the extremum of the recombi-
nation center distribution, we have made thermally stimu-
lated current (TSC) measurements using a computer ana-
lyzed system having a detection limit of trap concentration
of around 10'2 cm~3. l2 The TSC spectra are absolutely flat,
indicating a trap concentration below or equal to 1012 cm~J.
Since the L measured in these samples is s 40 //m, we can
derive Nffx 1/16 cm" '. With an upper bound of 10IS cm"3

for N, we calculate a lower bound for trofx 10~l3 cm2.
Already, on our lower resistivity samples processed at
800 "C for 10 s, deep level transient spectroscopy measure-
ments have yielded flat spectra1 indicating that the recombi-
nation centers induced by RTP have very large recombina-
tion cross sections and, so, are of a different nature from
usual deep levels corresponding to metallic impurities.0

With these TSC measurements, we confirm this special na-
ture of the RTP-induced recombination centers in Si.

With the important role played by the surface in the
activation of impurities, the question of unintentional conta-
mination of the surfaces by metallic impurities is raised. This
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problem is discussed in more detail elsewhere.6 It suffices to
note that the inhomogeneous distribution observed here can-
not be the result of contamination from simple estimates of
diffusivities, from the form of the distribution, and from the
special nature of the recombination center which is different
from usual metallic contaminant deep levels. Indeed, for a
contaminant to diffuse to the middle of our 1000-yum-thick
samples would require a diffusivity D> 2.5 X 10~4 cmVs at
700 *C. To our knowledge, no metallic impurity with such a
high diffusion constant exists. However, contamination is
quite widespread6-9 and so could have contributed partly to
the accumulation layers observed near the surfaces at the
higher temperatures.
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ABSTRACT

This study characterizes the recombination aspect of rapid thermal process (RTP)

induced recombination centers by measurements of the minority carrier diffusion lengths after

RTP with the Surface Photovoltage (SPV) technique. It is shown that transition metals

originating from the ambient, especially the furnace and handling, as well as residual metal

impurities in the starting material are important factors for the final diffusion length in rapid

thermal processed virgin silicon. The preparation of the surface has equally an influence on the

diffusion length. The strong degradation of ion-implanted samples is a result of co-implanted

metallic impurities which are due to sputtering on metallic parts of the implantation system

(apertures), and which are activated by the quenching step. Most of our data presented for

quenching-induced recombination centers are in agreement with a model of isolated metallic

impurities which are activated by the quenching. The puzzling DLTS (Deep Level Transient

Spectroscopy) data on quenched-in defects, hower, and some experimental results give hints

that the nature of these centers may be a complex one.

a)Present address : California Institute of Technology, Pasadena, California 91125.



I. INTRODUCTION

During the last years, Rapid Thermal Processing (RTP) has been established as an

effective means to process ion-implanted silicon with less time and energy consumption than

classical thermal treatment. The implanted dopant is not further diffused, which is of great

interest for very large scale integration (VLSI). RTP yields good junction characteristics, good

quality dielectrics, and complete field-effect transistors have already been fabricated by RTP. 1

For a recent review of this technique see Réf. 2.

Despite its growing success in microelectronics, RTP has been little used for photovoltaic

devices. Solar cells made with this technique yield only moderate efficiencies. This is

essentially due to the introduction of recombination centers in the base of the cells, which

degrade the minority carrier diffusion length LJJ to values of about 20 - 40 Jim at a typical

processing temperature of 850 - 100O0C. 3 These values are far too low for devices as solar

cells or nuclear detectors whose performance depends strongly on the diffusion length. The

factor which, at first glance, seems to be responsible for that degradation, is the quenching at a

rate of about 10O0CVs after the high temperature step in a typical RTP cycle. The degradation

mechanism, however, is not clear. The following factors might, singly or in interaction, be

responsible for the introduction of recombination centers :

(i) external contamination (especially with transition metals) originating from the ambient

(furnace, gas) or the surfaces of the sample. These contaminants would lead to deep energy

levels in the forbidden gap of silicon which could act as recombination centers and degrade

LD,23

(ii) thermal defects due to quenching,

(iii) influence of the state of the surface which might act as a sink or a source for defects,

(iv) internal impurities such as dopants, oxygen and carbon, or residual metallic impurities.

The expression "thermal defects" in (ii) needs to be clarified. We employ it here in the sense of

defects which result from a thermal cycle and which occur even in an ideal material without any

external contamination and without residual impurities besides the dopant. Intrinsic structural



defects, such as point defects or clusters of point defects would be of this type. Quenching

experiments on silicon have been performed for over thirty years. Socalled "thermal defects" in

older papers (for a critical review see Réf. 4) which were attributed to intrinsic defects such as

vacancy clusters, later on revealed to be due to external contamination, mostly with iron, or to

an activation of residual impurities.5-9 Until today, however, there is no general agreement on

quenched-in centers in silicon, mainly due to the somewhat confusing characterization by the

Deep Level Transient Spectroscopy (DLTS) technique of these centers. 10,11 it is a matter of

view to classify an activated metallic impurity as "thermal defect" but we préfère to reserve this

word for structural defects or, at most, for complex defects involving the dopant only. 12,13

In order to separate the different possible effects mentioned before, one part of this study

was carried out on virgin silicon. Minority carrier diffusion length (Lj)) was used to

characterize the recombination centers, as it is a very sensitive parameter. Our results underline

the important role that play metallic impurities in the formation of the recombination centers.

Contamination from the ambient and residual metallic impurity content of the starting material

are shown to be both responsible for the degradation of LD in virgin silicon. It is possible -

with contamination and residual impurity content minimized - to maintain fairly high LD values

in rapid thermal processed virgin silicon. With these optimized conditions we examine the

degradation of the diffusion length in processed ion-implanted silicon. In this case the

contamination is a consequence of sputtering on metallic parts of the implantation system (e.g.

apertures). Furthermore, our experiments provide hints for a complex nature of

quenching-induced defects.

II. EXPERIMENTAL DETAILS

Two RTP units were used in this work. The first one was model FAV4 of Jipelec,

France. Most experiments were carried out in this furnace which is characterized by "cold

walls" (< 25O0C for a wafer temperature of 110O0C) and programmable temperature ramps and



steps. The second one was model HEATPULSE of AG Assoc., USA. In this second furnace

the walls reached higher temperatures. So we used it to study the influence of external

contamination. The temperature was measured in each case by a pyrometer. A typical

temperature profile is shown in Fig. 1, where the characteristic feature is a cooling rarnp of

about 80°C/s in the upper part of the profile. The total time to reach the room temperature was

lower than 1 min. If not otherwise specified, RTP was done under a flow of Argon.

The minority carrier diffusion length (Lp) was determined with a surface photovoltage (SPV)

set-up. 14> 15 This method has the advantage that there is no need for permanent contacts and

there is no complication arising from junction fabrication. It allows studying the effects of RTP

in the bulk without concern for the surface, and applies to doped samples as well as to virgin

silicon. The disadvantage is that the measurement is a global one in the sense that there is little

information on local variations of Lp with this technique. Furthermore, only energy levels

acting as recombination centers are detected, those, however, in very low concentrations

compared to other techniques. One serious limitation is that the measured diffusion length is

only true when LD £ W/4, where W is the sample thickness. Otherwise, we obtain an effective

value lower than the true value which, for very long L£>, is essentially determined by the

sample thickness and the back contact. 16 up to a diffusion length of 250 Jim, the deviation

from the true value does not exceed 10% for a wafer thickness of 525 |im, which was a typical

thickness used in this study. For longer LQ there is a rapid loss of resolution. By systematically

lapping the backside of the samples before the measurement we ensured that all samples had an

identical back contact. The error in the diffusion length measurement is estimated to be 10-15%.

Implantations were performed in a commercial type Eaton 200 MCA implantor with mass

separation.

Most of the study was carried out on a p-type float-zone material from Wacker (resistivity

10 Q.cm, orientation <100>, wafer thickness 525 |im) with the specification "high purity".

The frontside was polished, the backside bright etched. Due to its good response to RTP this

material was chosen as a control sample. Dimensions were typically 1x1 cm^.



We used different kinds of surface preparations. Some samples were cleaned in 25 % HF for

2 min. We refer to this procedure as HF-cleaning. Others were etched in a (57: 18: 25)

70 % HNO3 : 50 % HF : 100 % CHsCOOH solution for 1-3 min. Lapping was done with

Aloxite 125 grit (average grain size « 9 |am).

III. RESULTS

1. External contamination

We first tried to establish a control material which showed only little degradation after

RTP. Hence, by varying the conditions step by step, it was possible to determine the factors

which are responsible for the degradation of LD-

Fig. 2 shows the dependence of LD on the processing temperature in the range 500-110O0C for

the high-purity control material mentioned before. The samples were HF-cleaned and

processing was performed in the cold-wall furnace for 10 s. The untreated reference samples

have a measured diffusion length of about 310 |im. One has to remember that the SPV-method

yields only effective values for LD > W/4, especially for such high diffusion lengths. For a 10

fll.cm material, we expect LQ to be in the 500 - 1000 jam range in untreated samples.

Degradation starts around 80O0C but even at 110O0C LD remains as high as 170 Jim. A slight

deterioration might also occur at temperatures lower than 80O0C. It cannot be resolved,

however, as the wafer thickness limits the diffusion length. For higher temperatures, the data

scatter was larger than the experimental error in the diffusion length measurement, even when

the samples were simultaneously prepared and processed. We attribute this to contaminants

introduced during preparation.

The same high-purity material with identical cleaning procedure had a significantly lower

diffusion length when processed in the hot-wall furnace (Fig. 2), thus illustrating the important

role played by furnace contamination. The cold-wall furnace was very effective in reducing this



source of contamination.

The processing rime was 10 s in the above cases as mentioned before. In this high-purity

material we did not find a strong dependence of LD on the processing time up to 2 min. The

diffusion length was only slightly more degraded for longer times. Multiple cycling (up to five

times 100O0C for 10 s) yielded similar results. The data scattering was somewhat more

important in both cases indicating that samples with contaminants present on the surface were

further degraded.

These results show that we do have a good control material which could withstand RTP up to

110O0C without much degradation in LQ, i.e. with few recombination centers being introduced

by the RTP.

2. Surface treatment and surface structure

At first glance, surfaces should not play a major role in a problem concerning we bulk of

a silicon wafer. The following results, however, show that the surface is of great importance

for the final diffusion length after RTP.

We prepared different kinds of surfaces on the high-purity control material discussed in the

preceding section (Fig. 3). The processing temperature was fixed at 100O0C, the processing

time was 10 s for the experiments shown in this figure with the exception of Fig. 3(a), which

contains the diffusion length measured before the heat treatment.

Without any cleaning the diffusion length was quite low [Fig. 3(b)] indicating that there are

contaminants present in the natural oxide or on its surface. This contamination can be removed

easily with a simple HF-cleaning [Fig. 3(c)]. Cleaning time and HF concentration were not

critical parameters as long as the natural oxide was removed. RCA-cleaning^ did not improve

results in comparison with the HF-cleaning. Etching of both surfaces [Fig. 3(d)] - either

directly on the commercial surfaces or after lapping - gave slightly better results and less

dispersion indicating that some contaminants, due for example to polishing products, may

persist on commercial surfaces after HF-cleaning.



For the next step [Fig. 3(e)] we lapped either only the backside of the samples or both surfaces

in order to create a mechanically damaged layer. The samples were cleaned in HF before RTP.

The diffusion length was measured on the frontside and the backside of the samples after

processing [F and B respectively in Fig. 3(e)]. Since SPV-measurements cannot be made on a

lapped surface, we had to etch 10-15 |im off in those cases before measuring LD- In the case

of samples with a lapped backside, we found that LD was strongly degraded on the lapped

side, whereas there was much less degradation on the undamaged frontside [Fig. 3(e)]. This

means that LD is not uniform accross the thickness of the wafer. There is a layer of at least 40

Um close to the lapped surface with a very low diffusion length. The samples should exhibit an

L-shaped defect concentration profile. (We verified for the above mentioned HF-cleaned or

etched samples that the diffusion length was the same on both sides of these samples within the

measurement error.)

When both surfaces were lapped, we found low LD values on both sides, and we expect a

U-shaped defect concentration profile. 19 A similar observation has already been made by Sah

and Wang.20 although it is difficult to compare the experiments as they worked at a higher

temperature for several hours in a classical furnace.

RCA-cleaning of lapped samples did not yield better results. It is possible, however, that this

type of cleaning is not effective on a rough surface.

An alternative and more proper way to degrade a surface is by means of a diamond scriber [Fig.

3(f)]. Carbon is not very likely to have much influence on diffusion length. Scratching one or

both surfaces with a diamond scriber yielded considerably longer LD although there was much

more scatter in the data. We cannot completely rule out the possibility that some samples have

been contaminated with the scriber despite our care. The scriber could also have created

dislocations in the material when too much pressure was exerted.

The last group of samples had oxidized surfaces. Some samples were boiled in HNÛ3 for 10

min before RTP which creates a thin oxide layer [Fig. 3(g)]. The natural oxide was stripped off

before boiling. The following RTP under argon flow left the sample with a diffusion length
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exceeding 210 |im, which was comparable to the best HF-cleaned samples. The oxide layer

may act as a diffusion barrier against remaining contaminants from the cold-wall furnace.

The best results were obtained on HF-cleaned samples under a flow of oxygen [Fig. 3(h)]. In

this case the final diffusion lengths after RTP were close to 250 Jim.

3. Residual impurities

Residual impurities (mainly transition metals) have an important influence on LD in all

kinds of heat treatments. Typical concentrations of residual impurities in commercial wafers -

oxygen and carbon apart - are in the 10^-10^ cm'3 range, which was shown by neutron

activation analysis.^

In order to put forward the role of these impurities in RTP, we submitted float-zone refined

(FZ) and Czochralski grown (CZ) silicon of different resistivities and type to a temperature of

100O0C for 10 s. Before RTP, the samples were either HF-cleaned or etched. Results are

shown in Fig. 4. For comparison LD was also measured on the untreated samples.

On FZ silicon we observe for lower resistivities a correlation between initial and final diffusion

lengths. For higher resistivities the measured LD values saturate for the reference samples with

an identical thickness (525 (im) at around 300 yon due to the above mentioned limitation of th<

SPV-measurement. Literature data 1^ allow, however, to extrapolate the behaviour of the

diffusion lengths on untreated samples to higher resistivities, and to conclude to a correlation

between initial and final diffusion lengths on the whole resistivity range of Fig. 4. The best

results have been obtained on a 16 ilcm material with a nominal diffusion length of 460 Jim.

However, we had difficulties to measure values greater than 350 |im. After processing this

material at 100O0C, LD was still too high to be measured. Thus, we did not observe any

degradation.

In two sets (10 Q.cm and 150 Q.cm), we used materials with the same resistivity but different

purity. One material was specified as "high purity", the other was of normal purity and without
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specification (HP and NP respectively in Fig. 4). In both cases the material with the higher

degree of purity yielded the higher LD after processing at 100O0C.

Czochralski grown silicon essentially showed the same correlation between initial and final LD

as FZ silicon with one remarkable difference: it was less degraded despite the fact that this type

of material contains higher amounts of residual impurities.

4. Implanted silicon

Ion-implantation provides a means to create a well-defined damaged layer at the surface,

which gives further insight into the mechanism of recombination center creation.

We used silicon as the implanted species in order to avoid complications arising from the fact

that dopant atoms have different size and binding. The control material was implanted at an

energy of 15 keV and a dose of 101^ cm"2. This should yield a disordered layer similar to that

which is usually created during dopant implantation for solar cell applications (about 450 A).

Before implantation and RTP, the samples were HF-cleaned. The resulting dependence of LD

on the processing temperature is shown in Fig. 5. The processing time was kept at 10 sec in the

following.

Compared to virgin silicon (Fig. 2) the degradation starts already below 70O0C and becomes

very drastic at SOO0C. The diffusion lengths are about ten times lower than those obtained on

virgin samples at the same temperature.

The implanted layer was clearly identified as the source of the recombination centers. When we

etched off about 10 (im of the implanted samples before RTP we observed a behaviour similar

to the one in virgin silicon. We also found that the diffusion length was much longer on the

non-implanted backside of the samples indicating that the diffusion length is not homogeneous

across the samples. There exists a layer with a strongly degraded LD close to the surface which

has been implanted. The situation is analogous to the case of lapped surfaces.

For comparison, we have also reported in Fig. 5 the diffusion length obtained on the same
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implanted material annealed in a vacuum furnace at 100O0C for 30 min. The cooling rate at the

end of the anneal was slow (2°C/min). We did not observe any degradation in this case.

In order to establish the influence of the implantation damage, we used, in a first series

of experiments [Fig. 6(b)-(e)], an ArF excimer laser (193 nm) as a means to recrystallize the

damaged layer without deteriorating LD in the bulk. We checked on virgin samples that the

presence of the defects introduced by laser irradiation on the surface^ does not have any

influence on LD after an RTP at 100O0C. Laser irradiated virgin samples yielded similar LD

after rapid thermal processing than the non-irradiated virgin samples which are reported in Fig.

6(a) for comparison.

Implantation damage at a high dose consists of two parts : an amorphous layer and an

implantation tail of lattice defects extending towards the bulk. Laser annealing removes the

amorphous layer although it leaves over the implantation tail, especially in the case of the ArF

excimer laser with its small absorption length (= IQO A). A low-temperature RTP at 60O0C, on

the other hand, will anneal the tail but only partially the amorphous layer. The diffusion length

of implanted samples is not degraded by an RTP at 60O0C (Fig. 5). When we annealed either

the implantation tail [Fig. 6(c)] or the amorphous layer [Fig. 6(d)] before a final

high-temperature RTP at 100O0C, we did not observe any improvement. Only when we

removed the implantation damage entirely before the final 100O0C RTP, we obtained a

significantly higher diffusion length [Fig. 6(e)].

In a second experiment [Fig. 6(f) and (g)], we tried to reduce an eventual contamination of the

samples with metallic contaminants during the implantation by implanting through an oxide of

600 A thickness which should stop heavier elements than silicon, "Hie oxide was grown by

classical dry oxidation, so the material had already a thermal history. We verified that its

response to an RTP at 100O0C (oxide stripped off before RTP) was similar to the response of a

real virgin sample [Fig. 6(f)]. A 40 keV, 2.10*5 cm-2 implant was chosen for the implantation

through the oxide. The resulting damaged layer was similar to a 15 keV, 10^ cm'2 implant

without oxide. We verified this by Rutherford Backscattering (RBS). Before processing at

100O0C the oxide was stripped off. The diffusion length was not much degraded in this case
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[Fig. 6(g)]. This experimental result is a strong indication to the presence of co-implanted

metallic impurities.

Dopant itself is probably not involved in the formation of recombination centers. This is

suggested by the fact that Ge, P and As implants yielded an identical behaviour to that reported

for Si implantations in Fig. 5. The following experiment [Fig. 6(h)] gives further support to

this hypothesis. Boron was diffused into the control material by ArF excimer laser doping in a

BC13 atmosphere.33 Thus a p+p-junction was formed. Subsequent RTP at 100O0C showed

little influence of the dopant on bulk diffusion length. In principle, this is an alternative way to

introduce dopant with less contamination than in the case of ion implantation.

IV. DISCUSSION

The model which is emerging from the literature of the last ten years on quenched-in

defects in silicon is that the quenching-induced recombination centers are mainly due to the

activation of isolated interstitial (3d) or substitution^ (4d and 5d) metal atoms, or - to some

extent - of metal-acceptor pairs in p-type silicon. The origin of the transition metals was

subjected to discussion, and external (contamination) as well as internal sources (residual

impurities) were proposed.

After a high temperature step the metals are in supersaturation. The fast diffusing ones (e.g.

Co, Cu, Ni) have enough time to precipitate and to form inactive complexes whereas the slow

diffusing ones (e.g. Mo, Ti, V, Cr, Fe) are frozen in electrically active sites in the quenching

step.9 The notions "fast" and "slow" depend on the quenching speed. That is why the second

group of metals is harmful at much lower concentrations to the performance of a solar cell than

the first group.23 Most of the studies which served to establish this model were carried out

with the help of some kind of DLTS technique.

Our diffusion length measurements confirm the basic features of this model and show that

several of the factors mentioned in the introduction are responsible for the formation of
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RTF-induced recombination centers. The comparison of the hot-wall and the cold-wall furnace

illustrates that the ambient contributes to a high degree to their introduction. The contamination

which, after an appropriate sample cleaning, persists on the surfaces^ seems to play a minor

role. This is supported by the high diffusion lengths obtained on our control material with

etched or HF-cleaned surfaces. For the low diffusion lengths on lapped surfaces [Fig. 3(e)]

two explanations are possible :

(i) the samples have been contaminated with metallic impurities in the Aloxite grit used for

lapping, which were driven in during the following RTP, and formed recombination centers,

(ii) the damaged surface acts as a source of defects.

Schmidt36 has shown by means of neutron activation analysis that lapping powders may

contain up to 1000 ppm of iron and other transition metals. Thus, it seems probable that the

samples have been strongly contaminated with metals during the lapping, which diffused into

the sample in the following high-temperature RTP and were activated in the quenching step.
«

This explains also the difference between the diffusion lengths measured on the lapped backside

and on the non-lapped frontside. The partially positive results obtained with diamond-scratched

surfaces [Fig. 3(f)] support further the hypothesis that the lapped surfaces were contaminated.

Our results show further that another important factor in the introduction of recombination

centers is the residual impurity content of the starting material, although this becomes only

visible when the level of external contamination is sufficiently low. On samples which were

processed in the hot-wall furnace, we obtained the same low diffusion lengths over a large

resistivity range^O indicating that the dominant factor was contamination from the furnace

(compare to Fig. 4). Only after a strong reduction of the external contamination it was possible

to observe the dependence of the final L^ on the wafer resistivity shown in Fig. 4. It can be

seen from these experiments that the resistivity of the material (i.e. in general the residual

content of metallic impurities) and the final diffusion lengths are correlated. It is not clear from

this trend whether the correlation is due to a decrease of residual impurity content with

increasing resistivity or to a decrease of dopant (if dopant atoms are involved in the

recombination centers). However, a comparison of materials with same resistivity and different
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degree of purity shows that the purer material exhibits the higher diffusion length after

processing (Fig. 2 and Fig. 4). Hence, initial purity rather than resistivity determines the final

L£>. The results on the normal purity 150 Q.cm material were surprisingly low after processing

compared to the normal purity 10 Q.cm material, and it is possible that residual impurities were

present in a relatively high concentration in this material.

The results on CZ silicon seem to contradict the implication of residual metallic impurities in the

recombination centers, as this material resisted better to RTP than FZ silicon although it

contains higher amounts of residual impurities. This contradiction finds its explanation by the

fact that oxygen getters residual impurities and competes for the formation of thermally induced

recombination centers.^» 22, 30 The microscopic mechanisms, however, are not clearly

identified.9

From the experiments on rapid thermal processed virgin silicon it is relatively easy to

understand the results on ion-implanted silicon (Fig. 5), especially from the similitude between

the results of a lapped and an implanted sample. In both cases the source lies in the lapped or

implanted surface, whereas the opposite side shows a considerably higher diffusion length. As

in the case of a lapped surface, two explanations are possible.

(i) unwanted (metallic) impurities have been implanted together with the silicon atoms

despite the mass separation in the implantation system,

(ii) the damaged layer at the surface acts as a source of point defects during RTP.

The most probable hypothesis for the first case is sputtering on metallic apertures after the mass

separation system of the implanter. We rule out the possibility of sputtering on the sample

holders because the implantation concerns a small area in the middle of a 4 inch wafer. We

exclude also other contamination by the implantation system : samples which underwent all

other processing steps besides implantation did not show this strong degradation. Recoil

implantation of metallic impurities previously adsorbed at the surface seems less probable.

Otherwise degradation should also occur on similarly processed virgin samples.

The hypothesis that implantation is accompanied by a parasitic implantation of metallic

impurities has also been emitted by other authors. E.W. Haas et al.32 propose to replace critical



1237 Ap* Pny,.L.tt.. Vol. 54. No. 13.27 March 1989 Thuono,Quat. Bchrmmm*. M SHf* 1237

14

pans of an implanter with other materials such as aluminium, graphite or silicon in order to

suppress the unwanted metallic impurities although there may be technological problems.

The result that implanted samples protected by a thin oxide layer yielded considerably higher

LD is consistent with this hypothesis: the oxide layer stopped most of the incoming metal atoms

which are heavier than silicon.

Up to this point our measurements agree with the above mentioned model of an activation of

isolated metal impurities. The results on implanted silicon suggest that the metals involved are

mainly those found in stainless steel (Fe, Cr, Ti, Ni, Mo), i.e. the 3d transition metals. We did

not find indications for the involvement of dopant atoms. The experiments on the virgin

samples with identical resistivity but different degree of purity (Fig. 4), as well as the fact that

the implanted species had no influence on the final diffusion length of implanted silicon are

hints in this direction. Additional support comes from the fact that junction formation is

possible by means of excimer laser doping in a dopant atmosphere [Fig. 6(h)] without strongly

degrading LD.

From the good results on our virgin control material (Fig. 2) and on the virgin 16 Q.cm

material of Fig. 4 it follows also that the concentration of intrinsic structural defects due to the

quenching - as far as they are recombination centers - must be very low, and that these

defects, if they exist, can only be detected in a very clean ambient and a very clean material.^?

Two points need separate discussions :

(1) Anomalous diffusion coefficients

One could try to explain all the above data concerning the dégradation of LD after RTP in virgin

silicon by assuming that contaminants might have diffused from the surfaces. This kind of

explanation can hardly be maintained when diffusion coefficients for eventual contaminants are

estimated. For example, we found samples of the 1.8 ilcm n-type material mentioned in Fig. 4

which had diffusion lengths of about 40 urn after RTP 80O0C (1Os), measured at the surface.

After etching ISO |0.m off, we still measured the same value. When 2VDt is taken as a measure

for the penetration depth of the contaminant, the derived diffusion coefficient D must then be
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about 6.10~6 cm2/s at 80O0C. And we even found worse cases. This is well beyond normal

diffusion coefficients of transition metals, at least of those which are presumably responsible

for the introduction of recombination centers.23>24 Anomalous diffusion coefficients have

effectively been reported with RTP for dopants2^ as well as transition metals.2^» 27 gut if

external contamination were the predominant factor in the above experiments, it could hardly

explain why materials with different resistivity, treated in the same manner, yield different final

diffusion lengths. Thus, in order to explain the results, it is necessary that the metal atoms have

already been present in the starting material.

(2) The missing correlation between DLTS and diffusion length measurements

As we have already mentioned before, most of the earlier studies characterized the quenching -

induced traps by means of the DLTS technique. It is interesting to ask whether defect levels

have been observed which can be correlated to the recombination centers responsible for the

degradation of Lrj.
«

The problem with a proper correlation is that the DLTS data are not easy to understand. For

higher temperatures (> 85O0C), some authors see traps in virgin silicon,1^ 29 others do

not. 11, 12, 20 For lower temperatures, most authors agree that the DLTS spectra are flat.

When levels are observed, they vary from one author to the other, and if all data on

quenched-in defects are accumulated, the levels cover the whole forbidden gap of silicon. A

similar observation has already been made by Graff28 for the levels of intentionally added iron.

It was precisely this similitude between a variety of levels observed on quenched silicon and

iron-doped silicon which made people believe that quenched-in defects were iron-related.38

Our own DLTS measurements are in general agreement with these findings. We observed, for

example, on the already mentioned rapid thermal processed (80O0C, 1Os) n-type 1.8 Q.cm FZ

material LD values as low as 40 urn without observing a corresponding level by DLTS (neither

in the upper half of the gap nor in the lower half with optical carrier injection). In the implanted

p-type control material we found indeed the interstitial iron level at Ev + 0.39eV after warming

the samples to 15O0C. The iron reacts with boron, even at room temperature, and forms the Ev
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+ 0.10e V level of the iron-boron pair, which lies out of the range of our DLTS system (77K).

After annealing at 15O0C the pairs are dissociated, and the interstitial iron reappears.2**

It is known from the work of Davis et al.23 that intentionally added metals lead to a degradation

of LD after classical thermal treatment with slow cooling. The degradation starts at an impurity

concentration around 10^ cm'3 for the most harmful impurities such as Ti, and these

concentrations are clearly within the detection limit of DLTS systems (10"4 of the dopant level).

Thus, it is difficult to explain, within the hypothesis of isolated metal impurities, why no levels

are observed in the above mentioned example although the diffusion length was quite low.

But even when deep levels are present, their concentrations are not sufficient to explain the low

diffusion lengths. One has to assume very large capture cross sections, larger than those found

for the most important transition metals, in order to explain the observed low diffusion lengths.

For an in-detail discussion of this point see Réf. 30.

If we concentrate on iron as the main candidate for the RTF-induced recombination centers,

there is another difficulty arising from the transformation of the interstitial iron level into the

more shallow level of the iron-acceptor pair in p-type silicon. The aptitude of the 0.39eV level

for being an effective recombination center which may explain the low lifetimes observed by

Lemke39 in iron-containing samples, has already been questioned by this author with regard to

the published values of majority carrier capture cross sections for this levels which are found to

range from 10" 16 to 10-18 Cm2. Instead of this level, Lemke proposed another level at Ec -

0.25eV , which he attributes to iron-boron pairs. This level should be a more effective

recombination center than the level of interstitial iron, and Lemke effectively observed a

reduction of the lifetime during the transformation of the levels. Graff,28 on the other hand, did

not observe any change in the lifetime of iron-doped samples and attributes the recombination

to a supposed level of the iron-boron pair close to the midgap, as the Ev H- 0.1 OeV level is not

likely to be a strong recombination center. He does not observe this level, however. We did not

see any change in the diffusion lengths either, and no other important levels were present in our

implanted and processed control material than the level of interstitial iron, especially no levels
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were found near the middle or in the upper half of the gap. The only levels which were out of

the range of our system were those close to one band which are in general no effective centers.

Moreover, in n-type silicon no pairing occurs, and the level of interstitial iron is the only

candidate for a recombination center. Thus, again the question is raised whether this level has

appropriate recombination characteristics, and the problem of quenched-in defects is related to

an understanding of the recombination behaviour of iron.

This is not an easy task, as it is quite difficult to measure carrier capture cross sections,

especially for minority carriers, with sufficient precision. Up to now, this has been done by

Wang and Sah^O for Ti, and by Brotherton and Bradley^l for Au. This second group

succeeded to correlate the DLTS data with lifetime measurements. For Fe or Cr, however, these

data are still uncomplete.

The preceding discussion has shown that the hypothesis that RTF-induced recombination

centers are due to isolated transition metals encounters some difficulties as it is not possible, for

the moment, to correlate DLTS and lifetime or diffusion length data. The question may be

allowed of which other type could be the quenched-in defects.

The centers could be metal precipitates, as the quenching speed in our experiments, especially

in the lower part of the cooling ramp, is not high enough to completely impede their formation.

These precipitates would not be seen by DLTS, as they do not introduce deep levels.^ In

slowly cooled samples, however, precipitates are formed in a much higher concentration

without any influence on the bulk diffusion length.23

Other possible explanations for the missing DLTS-spectra at lower RTF temperatures might be

a very large capture cross section for the recombination centers observed. Van Vechten^ I

argued, in order to explain the fact that lifetime measurements in general yield lower values than

estimated from the DLTS data, that deep level defects may in certain cases be formed of

complexes whose electrical activity results in a dipole charge contributing thus at a much lower

level to capacitance variations than in the case of a monopole defect. As a consequence the

defect concentration determined by DLTS is grossly underestimated. Further, the transition

metals may not be directly responsible for the quenched-in centers but indirectly via the
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formation of lattice defects (e.g. vacancy clusters) which are induced by the metals.42

Any explanation, however, involves complex defects in which residual impurities certainly play

an important role. Two hints in this direction come from our experiments. The first is that RTP

of virgin silicon under oxygen atmosphere yields very high diffusion lengths [Fig. 3(h)].

Oxidation is known to inject interstitials2* which could compete for the formation of complex

recombination centers in which vacancies are involved. A second hint lies in the observation

that after complete removal of the implantation damage in implanted samples [Fig. 6(b) - (e)],

the diffusion lenght is significantly longer. The annealing of the damage again changed the

equilibrium between point defects which intervene in the formation of the hypothetical complex

centers.

Unfortunately, these two hints are not strong enough to demonstrate unambiguously the

complex nature of quenched-in defects. A change in the equilibrium of point defects may also

have an influence on the gettering of metallic impurities,^ explaining thus the observed

ameliorations. The problem for a further clarification by the experiment lies, for the moment, in

the experimental difficulty to form really clean amorphous layers by ion implantation.

V. CONCLUSIONS AND SUMMARY

The experiments on virgin and implanted silicon can be summarized as follows :

- External contamination can be avoided to a high degree by using a cold-wall furnace and

proper surface conditions.

- Quenching alone is not responsible for the introduction of recombination centers. One can

define conditions where the concentration of recombination centers due to thermal defects - as

defined in the introduction (intrinsic structural defects) - is very low.

- Residual impurities (transition metals) play an important role in determining the final diffusion

length. The purer the initial material the higher the final diffusion length. Our experiments do

not provide hints for the involvement of dopant atoms in these recombination centers. Oxygen

has a beneficial influence in RTP which is shown by the better reaction of CZ silicon.
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- RTP reveals to be much more sensitive to contamination than thermal treatment with slow

cooling rates. From a practical point of view this is quite a handicap but - in conjunction with

diffusion length measurements - it may be a useful tool for detecting contamination. A

combination of both techniques enabled us to detect the presence of co-implanted metallic

impurities in implanted silicon, which were sputtered on metallic apertures in our implantation

system. Several authors have already observed unintentional implantation of metallic impurities.

High purity apertures or implantations through oxides should be used to avoid the

contamination of the samples with metals which are activated by RTP.

- Most of our data agree with the hypothesis that quenched-in defects are due to ir.s activation of

isolated metallic impurities (mainly those found in stainless steel: Fe, Cr, etc.). The puzzling

results from DLTS measurements, however, suggest that the centers responsible for the

recombination may be of a complex nature. The key for understanding the nature of these

centers lies in a proper correlation of DLTS and lifetime or diffusion length data. For this

purpose, the recombination characteristics (majority and minority carrier capture cross sections)

of the above mentioned transition metals, especially of iron, have to be established with

sufficient precision.

From our study, however, it is clear that RTP offers possibilities for photovoltaic devices and

nuclear detectors.
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FIGURE CAPTIONS

Figure 1 : A typical RTP temperature profile measured by means of a pyrometer.

Figure 2 : Diffusion length of the control sample as a function of processing temperature

(processing time 10s, HF-cleaning).

• control sample (high purity 10 £2.cm), cold-wall furnace

o control sample (high purity 10 n.cm), hot-wall furnace

* normal purity 10 Q.cm material, cold-wall furnace.

Note that the arrows do not indicate a measurement error but the dispersion of

final diffusion lengths in different runs.

Figure 3 : Influence of surface treatment or ambient on the final diffusion length of the

control sample (RTP 100O0C, 10 s).

As before the arrows indicate dispersion. For the points without arrows only

one sample was processed at 100O0C. In this case the reported values

are representative for the behaviour observed on samples with the respective

surface condition in the temperature range 800 -110O0C. In the case of a lapped

backside the diffusion length is measured either from the unlapped frontside

(F) or the backside (B).

Figure 4 : Influence of residual impurity content on the final diffusion length (samples

etched or HF-cleaned).

* initial LD values on the reference samples

o final LD values after RTP 100O0C, 10 s

(NP : normal purity, HP : high purity)

The arrows at the 16 ilcm and the 210 Q.cm material indicate that the

diffusion lengths were too long to be measured by our set-up (> 350 Jim).
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Figure 5 : Diffusion length of the silicon implanted control sample as a function of

processing temperature (15 keV, 10^ CITT^, processing time 10 s, HF

cleaning).

The star point (*) at 100O0C is the result of a classical annealing for 30 min in a

vacuum furnace with slow cooling at the end of the high temperature step.

Figure 6 : Diffusion length measurements after RTP

(a) on the virgin high-purity control material.

(b)-(e) on implanted silicon (15 keV, 10^ cm"2) when the implantation

damage was progressively removed,

(f) - (g) on implanted silicon (40 keV, 2.10^ cm"2) when the simultaneously

implanted metal impurities were stopped by an oxide of 600 A.

(h) on ArF excimer laser doped samples, which is an alternative way to

introduce dopant.

V : Virgin sample

I : Silicon implanted sample (15 keV, 10^ cm"2)

RTP (LT) : Low temperature RTP (60O0C, 10 s)

RTP (HT) : High temperature RTP (100O0C, 10 s)

ArF : ArF excimer laser annealing (750 mJ/cm^) in air

V$iO2: thermally oxidized sample without implantation (600 A oxide, stripped

off before RTP).

ISiO2 : thermally oxidized implanted (40 keV, 2.10^ cnr^) sample (600 A

oxide, stripped off before RTP).

ArF (BC13) : ArF excimer laser doping (750 mJ/cm^) in BC13 atmosphere

(p+p-junction).
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CORRELATION BETWEEN RAPID THERMAL PROCESS-INDUCED

RECOMBINATION CENTERS AND CO-IMPLANTED METALLIC

IMPURITIES IN ION IMPLANTED SILICON

W. Eichhammct, M. Hage-Ali, R. Stuck, and P. Siffert

Centre de Recherches Nucléaires (IN2P3), Laboratoire PHASE (UPR 292

du CNRS), F-67037 Strasbourg Cedex (France)

Abstract

This work presents direct evidence for a correlation between rapid

thermal process-induced recombination centers and co-implanted

metallic impurities in ion implanted silicon. Experimental supports are

the dose dependence of the minority carrier diffusion length measured by

the SPV technique, as well as SIMS and RBS analysis of high-dose

implantations which show the presence of heavy metals.



In a previous work,1 we proposed that rapid thermal process

(RTP)-induced recombination centers in silicon, characterized by the

measurement of the minority carrier diffusion length L using the surface

photovoltage (SPV) technique, have their origin in the presence of

metallic impurities, in both virgin and implanted silicon. External

contamination by the furnace ambient and handling, as well as the

residual impurity content of the as-grown material were identified as the

main sources for these metal impurities in the case of virgin rapid

thermal processed material. The strong degradation of the diffusion

length observed in implanted silicon after RTP was attributed to metal

atoms which were sputtered by the main implanted species on metallic

parts of the implantation system after the mass separation. However, only

indirect hints were presented up to now in favour of this hypothesis, like

an improvement of the diffusion length after RTP by implantations

through oxides.

This work presents direct evidence for a correlation between

RTF-induced recombination centers and co-implanted metallic

impurities in ion-implanted silicon. Arguments for this correlation are

found in the dose dependence of L after RTP which is consistent with a

model in which metal impurities are co-implanted and uniformly

redistributed over the sample after RTP at 100O0C. These impurities are

directly detected by Secondary Ion Mass Spectrometry (SIMS) and

Rutherford Backscattering (RBS) on high-dose implantations.

The material used in this study was high-purity boron-doped silicon

, FZ, <100>, thickness 525 nm) in order to reduce the influence



of residual metallic impurities, * and to put forward the effect due to the

implantation. The frontside of this material was mirror polished, the

backside bright etched. Before the implantation and before RTP, the

samples were cleaned in 25% HF acid, which had been shown to yield

good results on the virgin material. Silicon was then implanted at an

energy of 15 keV in a commercial type Eaton 200 MCA implanter. After

the implantation the samples underwent rapid thermal processing at

100O0C, 10s in a FAV4 model from Jipelec (France). The temperature was

measured by means of an infrared pyrometer. The final L after the

processing was determined with the SPV technique. 2 The initial

effective1 L measured on the as-grown material was 310 \im.

Fig. 1 shows the dependence of the final L after RTP on the dose D

in the rangelO13 - IQl6 cm'2. L varies from 6 |im at 1016 cm"2 to

nearly 170 ^m at 10*3 cm"2, which was the mean value obtained on

processed virgin material. For the lower doses more dispersion is

observed, expressing the growing influence of other factors like external

contamination by wafer handling or furnace ambient. * Experimentally it is

found that L"2 is proportional to D.

This dependence can be understood on the basis of the model that

the RTP-induced recombination centers in implanted material are due to

sputtering of metallic impurities by the primary species silicon. It seems

reasonable to suppose that the co-implanted metal dose is proportional to

the implanted dose as long as the implantation energy and current are

kept constant, which was the case in this experiment. Further we

suppose that in the RTP the fast diffusing metals are uniformly



redistributed over the sample thickness, and a fixed fraction becomes

electrically active. In fact, it is sufficient that the distribution is uniform

over a distance exceeding the measured L. For exemple the penetration

depth of ironS at 100O0C, 10s is about 100 \im, even if a diffusion

enhancement for transition metals by RTP4 is not taken into account. The

above model involving a diffusion of metals from the implanted layer and

their activation by RTP implies that the concentration NT of

recombination centers is proportional to the implanted dose D and,

hence, proportional to L'2. This is exactly the dependence valid for

recombination through a single recombination center as

L-2 = (D6 T)-1 =( vth oVDe) * NT

where a is the minority carrier capture cross section of the center, Vj1J1

the thermal velocity of the minority carriers, and D6 their diffusion

constant.

In our previous work the implanted layer was clearly identified as

the source of the recombination centers. * However, the damage caused

by the implantation and not co-implanted metallic impurities could have

been at the origin of these centers. In order to verify this hypothesis the

implantation damage has to be quantified, which has been done in Fig. 2

by a measurement of the amorphous layer thickness for the higher doses,

or an equivalent layer thickness for doses below the amorphization

threshold. As a measure for the thickness of the damaged layer the area

below the damage peak was taken, corrected for the dechanneling

background and normalized to the random RBS spectrum. This measure

4



for the implantation damage saturates for high and low doses with a

threshold around 5x1014 cm~2. The observed behaviour expresses the

fact that the thickness of the amorphous layer increases only weakly for

high doses, whereas few lattice defects are introduced for low doses.

Hence, one would expect within this model that the observed L saturates,

especially at high doses. Experimentally this is not observed, and the

model of co-implanted and diffused metals, which correctly discribes the

dose dependence of L, has to be retained preferentially.

For these metals being seen with SIMS or RBS, they have to be

present in quite high concentrations. This was achieved in a second

experiment by implanting silicon to a very high dose of 6.2SxIO1^ cm'2.

Fig. 3 shows the SIMS-profiles of four common transition metals which

should be present if sputtering on metallic parts of the implanter were

responsible for the contamination. The detection limit of the SIMS

technique for these metals determines the concentrations seen in the

virgin as-grown material [Fig. 3(a)]. The limit for 48Ti appears to be

higher than for the other metaL due to the mass interference with 03+,

as oxygen were the primary ions used in the SIMS analysis. Similar

profiles were also observed after -srocessing unimplanted material at

100O0C excluding a contribution from the furnace. After the implantation

[Fig. 3(b)] considerable amounts of the four metals were found which, in

the following RTP, diffuse towards the volume [Fig. 3(c)]. The fact that not

all of the metals diffuse away, or even accumulate at the surface as in the

case of copper, is probably due to the creation of dislocations at such high

doses,5 which act as gettering sites for the metals. An estimate of the

5



metal concentration can be obtained by assuming the same ion yield for

the metals in the SIMS analysis than for silicon. The integrated dose

estimated in this way was about 1014 cm'2.

RBS analysis at 3 Mev allowed to confirm the presence of iron and

eventually chromium, the two metals having masses lying too close

together to be resolved by the analysis. The combined dose for both

metals determined from the spectra was 4 (12JxIO14 cm'2 in good

agreement with the estimate by SIMS, which means that about 0.7 % of

the primary dose was of metallic origin. 10 % of this dose uniformly

redistributed over 100 ^m , the penetration depth of iron at 100O0C

(1Os), would imply a concentration of 4xlOl5cm-3 For a more usual dose

of 1015 cm"2 the concentration would still exceed 6x10^3 cm'2.

We also observed a cross contaminatio. with As (Fig. 4) and B (seen

by SIMS), which are two frequently implanted s?.,ecies in our implantor.

One possible source of heavy metal contamination, sputtering on the

sample holder, was excluded by the fact that the implantation concerned

only a limited area in the middle of a large wafer. Standard books

describing implantation equipments,6 mention the problem of

contamination by co-irnplanted metallic impurities in medium current

implantors such as ours. Sputtering might occur in the acceleration part

of the implanter which is located behind the mass separating magnet.

The co-implanted dose varies from 2% in older machines to 0.002% in

the very best implantors, where critical parts have been replaced by

high-purity graphite. The latter value is necessary to obtain the same high

diffusion lengths, i. e. the same low concentrations of recombination



centers, as on processed virgin silicon for doses of about 101^ cm"2. Fig.

1 shows that a reduction of a factor of at least one hundred must be

achieved in the co-implanted dose compared to what was observed in our

experiments. But even in very good implantors occasional contamination

problems caused by unsufficient maintainance might arise,7 and the SPV

technique has been used in the microelectronic industry with the aim to

control this kind of problem which strongly decreases the production

yield. The combination with RTP is even more sensitive to the presence

of heavy metal contamination due to the much higher degree of impurity

activation by RTP.

This work was funded by the PIRSEM in a program of the AFME

(Agence Française pour la Maîtrise de l'Energie), thé CNRS (Centre

National des Recherches Scientifiques), and EDF (Electricité de France).
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Figure captions

Figure 1. Dependence of the minority carrier diffusion length L on
the dose in silicon implanted (Si+/Si : 15 keV) high purity 10 Qcm p-type
material after RTP (100O0C, 1Os).
The closed squares are mean values, the open circles single
measurements. The arrow in the upper right corner indicates the range
observed on the virgin material processed at the same temperature.

Figure 2. Quantification of the implantation damage at different doses
by a determination of the amorphous layer thickness (o) or an equivalent
thickness in the case of implantation damage below the amorphization
threshold (o).

Figures. SIMS transition metal (Fe, Cr, Ti, Cu) profiles on a
high-dose silicon implantation (Si+XSi: 15 keV, 6.25 x 1O16Cm'2) into
high-purity silicon:
(a) high-purity reference sample, (b) as implanted, (c) after RTP 100O0C
for 10s.

Figure 4. RBS channeling spectrum of the high-dose implant
mentioned in Fig. 3.
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