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Chapitre 1 : Introduction

La solidification des alliages concentrés met en ceuvre des phénomenes thermiques,
hydrodynamiques et chimiques couplés. La solution analytique de ce probléme complexe
n’existant pas, deux approches sont utilisés pour 1’étude des phénomenes: i) les expériences ; ii) la
simulation numérique.

Les résultats des expériences sont en général difficiles 4 interpréter, a cause justement du
couplage des phénoménes physiques. En ce qui concerne la simulation numérique, le probléme
consiste a choisir quels sont les phénomenes importants qui doivent étre pris en compte pour la
modélisation.

Dans ce cadre, cette thése a pour but de contribuer a améliorer les modéles numériques en
précisant les phénomenes importants et surtout en les comparant a des expériences.

Les cristaux semi-conducteurs III-V sont largement utilisés dans I’industrie électronique,
qui requiert des substrats ayant d’excellentes qualités structurales et une trés bonne homogénéité
chimique. Les expériences sur lesquelles nous avons travaillé ont concerné 1’alliage

semiconducteur pseudo-binaire Ga, In Sb, utilisable pour la fabrication de dispositifs

électrogeénes basés sur l’effet thermo-photovoltaique. Cet alliage est aussi utilisé pour des
expériences en laboratoire comme matériau modeéle pour d’autres alliages semiconducteurs a base
d’4s, P ou Cd parce qu’il n’est pas toxique et la température de fusion est basse.

Un des procédés utilisés pour I’élaboration des cristaux massifs de semi-conducteur est la
méthode Bridgman, qui consiste a refroidir une charge fondue dans un creuset en le déplacant
dans un gradient thermique. L’avantage de ce procédé est qu’on peut trés bien instrumenter le four
et controler les paramétres de croissance, comme la vitesse de tirage et le gradient thermique. Il

s’agit donc d’une méthode privilégiée pour étudier la solidification de ces alliages.

Le premier objectif de la theése est d’étudier les phénomenes qui interviennent au cours de
la solidification Bridgman des alliages GalnSb concentrés et d’arriver a une description
satisfainte des mécanismes physiques. Les principaux phénomeénes qui entrent en jeu lors de la
solidification d’un alliage par cette méthode sont :

e le transport de la chaleur



@ la convection naturelle thermo-solutale
e la diffusion des solutés.
Ils sont couplés entre eux, en particulier par le diagramme de phase de I’alliage.
Ce probléme complexe a été étudié en utilisant la modélisation numérique des expériences

de croissance cristalline.

Le deuxiéme objectif de la thése est de développer une approche numérique pour valider
les observations expérimentales et la compréhension des mécanismes physiques. Le code
commercial FIDAP sera utilisé et testé pour en établir les limites dans ce probléme de
solidification complexe. En effet, les travaux de ce type ont pour instant été réalisés a ’aide de
codes spécifiques.

La modé¢lisation sera effectuée pour des expériences de solidification d’alliages GalnSb
concentrés et les résultats numériques et expérimentaux seront comparées afin de valider les

modeles physiques et numériques utilisés.

Le troisiéme objectif de cette étude est de trouver les conditions de croissance optimale

pour améliorer la qualité et I’homogénéité des cristaux.

Aprés avoir décrit les expériences que nous utiliserons et les phénomenes physiques
étudiés, nous présentons plus particulierement :

e [’influence des effets convecto-diffusifs sur les ségrégations chimiques (Chapitre 2,
Annexe Al) ;

e ['effet d’amortissement de la convection thermique causé par le rejet solutal a I’interface
solide-liquide (Chapitre 4, Annexes A2, A3) ;

e [’effet de la gravité résiduelle sur la convection et les ségrégations chimiques pour la
solidification Bridgman dans un environnement microgravitationnel (Chapitre 4, Annexes A2,
Ad);

e ’influence d’un champ magnétique alternatif sur la solidification Bridgman des alliages
concentrés (Chapitre 4, Annexes AS, A6) ;

e ['effet de la vitesse de tirage sur les ségrégations chimiques dans les alliages Ga,_ In Sb

concentrés (Chapitre 5).



Chapitre 2 : Solidification des alliages semiconducteurs concentrés

Dans ce premier chapitre, nous présentons les expériences qui on servi de support & notre

travail ainsi que les phénomeénes physiques auxquels nous serons confrontés.

2.1. Méthode expérimentale

Les expériences de solidification directionnelle en front plan ont été effectuées selon la
méthode Bridgman verticale. Cette méthode consiste a déplacer un échantillon fondu dans un
champ thermique caractérisé par un gradient axial constant. Deux fours de tirage Bridgman ont été

utilisés pour les expériences :

a) Le four AGHF (Advanced Gradient Heating Facility) a été spécialement congu pour des
expériences de solidification directionnelle dans I’environnement gravitationnel terrestre et

microgravitationnel. La solidification des alliages Ga,_.In Sb concentrés dans ce four a

fait I’objet d’une thése CEA (Duhanyan 1998 [1]). Le four de type Bridgman-Stockbarger
est composé d’un élément chauffant (zone chaude) séparé par une zone adiabatique d’une
longueur de 5 cm d’un circuit de refroidissement d’eau (zone froide). Cet ensemble est
déplacé le long de la cartouche en tantale qui contient le creuset et I’échantillon (Fig.2.1).
Les expériences de N. Duhanyan avaient pour le but d’étudier la courbure de I’interface
solide-liquide, et deux creusets de conductivités thermiques différentes fabriqués en
nitrure de bore (BN) et en silice (Si0;), d’épaisseur 2 mm ont été utilises. La jointure entre
les deux creusets a une longueur de 10 mm.

Les échantillons de diameétre 12 mm, élaborés a partir de gallium, d’antimoine et d’indium
contiennent des traces de tellure pour les besoins du marquage Peltier des interfaces. Un
germe polycristallin est utilisé pour initier la solidification.

Dans le but d’étudier la forme de I’interface solide-liquide pendant la solidification on
réalise un marquage par la technique Peltier, qui consiste a faire passer un courant
électrique dans 1’échantillon & différents instants de 1’élaboration du cristal (toutes les 30

min). La chaleur dégagée par effet Joule et Peltier conduit a perturber la vitesse de



I’interface et par conséquent la quantité du tellure incorporé dans le cristal. Ceci permet de
visualiser ultérieurement I’interface par analyse métallographique. Pendant I’expérience,
les températures sont mesurées en utilisant 9 thermocouples placés le long du creuset.

Les cristaux obtenus sont analysés chimiquement par microsonde électronique pour établir

la distribution longitudinale et radiale du soluté (indium).

cartouche

creuset { Si0;) zone chaude

charge
jomnture
" 1s
| | 30 min | ||18A
[
creuset (BIN) zone adiabatique
germe

zone froide

Figure 2.1. Schéma du four AGHF avec la cartouche en tantale et l’ensemble creuset-échantillon.



b) Le four Bridgman 2000 qui a un seul élément chauffant, a fait I’objet d’un brevet CEA[2]
(Fig.2.2). Le résistor en graphite de forme conique assure un champ de température
caractérisé par un gradient thermique axial qui est constant sur environ six centimétres du
creuset, égal a 50 K/em. La particularité de ce dispositif est donc qu’il impose un flux
axial dans ’ensemble creuset-échantillon (pas d’échanges radiaux avec le four au niveau
de 1’échantillon). L’échantillon contenu dans un creuset en nitrure de bore est fondu de
telle sorte qu’un partie de la charge (1.5 cm) reste solide, ensuite on commence le tirage.
Les températures le long du creuset sont mesurées en utilisant 4 thermocouples. Les profils

axiaux et radiaux de I’indium ont été déterminés par la méthode PIXE [3].

Ultérieurement cet appareillage a été complété par une spire a induction électromagnétique
et un dispositif de marquage Peltier.

creuset

résistor

charge

germe

(@ (b)

Figure 2.2. a) Schéma du four 2000; b) Photo du four 2000.



2.2. Phénomeénes physiques

La distribution du soluté dans les cristaux est influencée par:
- les propriétés physiques des alliages semi-conducteurs
- la courbure de I’interface solide-liquide
- lavitesse de solidification
- la convection naturelle
- les gradients thermiques
La configuration simplifiée que nous avons modélisée consiste en I’ensemble échantillon-creuset

(Fig. 2.3). C’est dans ce contexte que nous allons discuter ces influences diverses.

Figure 2.3. Domaine physique.

2.2.1 Courbure de P’interface

Les études expérimentales montrent que la forme de I’interface influence la convection
naturelle et les ségrégations solutales dans I’échantillon fondu. Si la courbure de I’interface est
trés grande, la vitesse d’écoulement du fluide augmente et influence fortement les ségrégations
radiales. Les cristaux élaborés dans ces conditions ont des défauts et des hétérogénéités de

composition.

10



a) Courbure thermique

La courbure de I'interface est causée par la différence de conductivité thermique des phases

solide, liquide et du creuset. Lorsque le liquide conduit mieux la chaleur que le solide (ks <k;),

une partie du flux thermique arrivant par la phase liquide est déviée vers le creuset. Dans ce cas la

courbure est concave vue depuis le liquide (Fig. 2.4a). C’est la situation rencontrée avec GalnSh.

Lorsque ks>k;, le flux est dirigé du creuset vers le solide et la courbure est convexe vue depuis
liquide (Fig. 2.4b).

En conclusion, on peut dire que la fleche de I’interface dépend du rapport kg/k; et de la
conductivité du creuset (k-). Il y a aussi d’autres paramétres qui influencent la forme de
I’interface: les diamétres d’échantillon et du creuset (d et d-), la chaleur latente (H), et dans ce

dernier cas, il faut aussi prendre en compte le gradient thermique.

I 1

| |

G | o I
Lo g |
¢cﬂ&l ¢C\(—l
g S |

. |

(a) (b)

Figure 2.4. Courbure de l'interface solide-liquide : a) concave (kg<k;) ; b) convexe kg >k;.

Barat [4] a propos€ une expression simple pour le calcul de la fleche de I'interface en

tenant compte du bilan des flux thermiques dans I’échantillon et dans le creuset :

ky kR +kcQR+e)e,

_R;
ki k,R* +k.(2R+e)e

== (2.1)

Iz

ou eest I’épaisseur du creuset. Mais I’effet du dégagement de chaleur latente est négligé.
En prenant en compte la chaleur latente dégagée a I’interface, nous avons proposé (dans un
travail antérieur a cette thése) une autre expression pour le calcul de la fleche de I’interface [5] :

B l[kL (k5d2 +4kc(d+e)e)_1]+ 1 EeS s V,H
d 4 kg k,d*+4k.(d+e)e 4 kySg+k.S. k,G,-V,H

2.2)
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ou S. est la surface du creuset, V, la vitesse de I'interface, G, le gradient thermique dans le

liquide et H la chaleur latente.

b) Courbure chimique
Dans le cas des alliages concentrés, la température de solidification dépend de la
concentration en suivant la diagramme de phase de la Fig. 2.6 (effet «liquidus»). La

concentration du soluté dans le liquide a I’interface varie entre une valeur minimale C_, et une

n

valeur maximale C . . En considérant une variation linéaire de la température de solidification en

fonction de la concentration, la variation de température du front de solidification est donnée par
la relation suivante :
AT, =m, -AC

ou AC=C,_, —C,, et m, estle pente de la courbe liquidus du digramme de phase.

Par conséquent, I’interface solide liquide ne correspond plus a une isotherme comme dans le cas
des alliages dilués. La figure 2.5 représente les isothermes et I’interface solide-liquide pour un
alliage GalnSh. On observe un surcreusement de la courbure d’interface décrit par la relation
suivante:

AT, m,-AC

GT ) GT

Je=

G, est le gradient thermique dans le liquide a I’interface.

—
|
|
T 11 interface
solide-liguide
-\-“‘—‘—-u-—-|—-—'—""'_’
—

Figure 2.5. Isothermes et l'interface solide-liquide pour un échantillon GalnSbh concentreé.

12



La fleche de I’interface pour les alliages concentrés est donnée donc par la relation

suivante:
f = fr + fc

ou f; estla fleche thermique.

2.2.2 Convection naturelle

Les gradients de température générent des gradients de densité qui font apparaitre un
écoulement toroidal du fluide dans la zone proche de I'interface. Le liquide monte au milieu de
I’échantillon et redescend le long des parois du creuset (Fig.2.3). On parle alors d’un écoulement

d’origine thermique. L’intensité de la convection est décrite par le nombre de Grashof thermique:

2 3
Gy ﬂrﬁzTgR
H

ou AT est la différence radiale de température a I’interface (voir Ch.3).
L’écoulement peut étre aussi décrit par le nombre de Reynolds :
Re, = ﬁ = 2R
7
ou U est la vitesse caractéristique de la convection.

Les différences de concentration générent aussi des gradients de densité qui font apparaitre
un écoulement d’origine solutale. L’intensité de la convection solutale est caractérisée par le
nombre de Grashof solutal :

= pzﬂcAZCgR '

H
ou AC est la différence radiale de concentration a I’interface.
La convection thermo-solutale est décrite par le terme moteur de 1’équation de Navier-

Stokes (voir Ch.3) :
pogll+ B (T-Tp) + ﬁc(c -Gyl

ou f, = Lop et B, = 1o sont les coefficients d’expansion thermique et massique. Pour

Py OT py 0C
un alliage GalnSb, S, <0 etf. >0, donc le soluté a une action stabilisante sur I’écoulement

d’origine thermique (voir Ch.4).

13



2.2.3 Ségrégations axiales et radiales

A T’interface solide-liquide, il y a un partage du soluté entre le solide et le liquide décrit
par le coefficient de partage ou de ségrégation:
K= g (2.3)
CI.
avec C; et C, les concentrations en soluté du solide et du liquide a I’interface.

Le diagramme de phase pour I’alliage pseudo-binaire GaSbh— InSbest présenté dans la
Fig. 2.6. Le coefficient de ségrégation étant inférieur a 1 (K =0.2 pour C, <50% ), une fraction
C; = KC, du soluté sera incorporée dans le solide et le reste demeure dans le liquide. Pendant la

solidification, le soluté qui s’accumule en avant de I’interface et transporté dans le bain liquide par
diffusion et par convection. La concentration du soluté a ’interface augmente continuellement au
cours de la solidification, entrainant une variation axiale de composition dans 1’échantillon
(ségrégations axiales). L’écoulement du fluide en avant de I’interface a donc une influence sur la
répartition solutale dans le liquide. Le transport du soluté des parois du creuset vers le centre de
I’échantillon génére des variations radiales de composition (ségrégations radiales). Ces

ségrégations sont un probléme pour les cristaux dont les propriétés dépendent de la composition.

T[K] e
’0" ’J
I’ J
950 a A /
Q- q
-
7 /
-1 /
., o/
g i
-~ &
300 ST Z
»~ 0 /
,/I L] ,,
‘2 a A9
(/ #
’ ¥
850 [/ e 1
/ -] -
/ o
/ _-
’ T
/ 8 el
/ -
oo
800 .
an
{n InSh - 0§ GaSh,

Figure 2.6. Diagramme de phase de l'alliage pseudo-binaire GaSb-InSb (température de

solidification en fonction de la fraction molaire x,g,) [6].
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2.3. Influence des effets convecto-diffusifs sur les ségrégations chimiques

Les alliages dilués sont définis comme les alliages pour lesquels les propriétés physiques
ne dépendent pas de la concentration du soluté. Lorsque la variation des propriétés physiques
(densité, température de solidification, conductivité thermique) en fonction de la concentration
n’est pas négligeable, on considére I’alliage comme concentré. Les simulation numériques
effectuées dans le cadre de cette thése ont montré que ce n’est que pour des concentrations en
InSh inférieures a 1% que ’alliage peut étre considéré comme dilué.

L’étude de la composition des cristaux Gal/nSh obtenus par la méthode Bridgman suppose
la résolution des équations de conservation de la chaleur, de conservation du soluté et de Navier-
Stokes (cf. Chap.3). La résolution analytique de ces équations non linéaires et couplées n’est pas
possible. Dans certains cas, particuliers et simples, il est possible d’établir des expressions
analytiques pour le calcul de la distribution solutale dans le solide, qui sont présentées dans les

paragraphes suivantes.

2.3.1 Régime diffusif

Lorsque le niveau de la convection dans le bain liquide est trés faible, le transport du
soluté est assure par la diffusion avec formation d’une couche limite en avant du front de

solidification d’épaisseur & (voir Fig.2.7):

-

C

Ko . solide

interface

Figure 2.7. Distribution axiale du soluté dans le solide et le liquide au cours de la solidification

en regime diffusif.
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S==— (24)

Dans ce cas la distribution axiale du soluté dans le solide peut étre calculée par 1’expression de
Tiller [7].

KV
Cs(z)=Co[1-(1-K )exp(- D z)] (2.5)
ou z est la longueur solidifié.

La formule de Tiller est représentée dans la Fig.2.8 pour la solidification de GalnSh, pour

une longueur z=S5cm, la vitesse de solidification V' =7um/s et le coefficient de partage
K =0.2. On observe que la concentration du soluté augmente jusqu’a la valeur C;, pendant un

transitoire de longueur :

D

= —
KV

(2.6)

1.25

Tiller
K=0.2, D=1.2*10"m?%/s, V=Tum/s

1.00 4

0.75 +-

e
o
S

z (cm)

Figure 2.8. Profil axial de concentration donné par l’équation de Tiller (eq. 2.2).
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L’idéal pour I’homogénéité d’un alliage est d’avoir la méme composition du soluté¢ C,
dans toute la masse du cristal. Il faut donc réduire la longueur du transitoire initial (voir eq. 2.6)
en augmentant la vitesse de solidification ¥ . Dans ce cas on peut réduire les ségrégations axiales
mais la variation radiale de concentration augmente en suivant I’expression analytique proposée
par Coriell et Sekerka [8] pour AC en fonction de la fleche de 'interface, pour un régime diffusif :

_C(=-K)fV
- D

AC (2.8)

Il est donc important de remarquer qu’on ne peut pas diminuer a la fois les ségrégations
axiales et radiales lors de la solidification Bridgman en régime de transport solutal diffusif. De
plus, il est difficile de réduire les mouvements hydrodynamiques dans le liquide pour atteindre un
régime diffusif. Il y a deux moyens pour obtenir un niveau faible de la convection pour une

configuration Bridgman standard:

® La solidification dans |'environnement spatial

Certains expériences [9] et simulations numériques [A4] montrent que méme si le niveau
de gravité est trés faible,g =107 g, , les mouvements convectifs générés par le phénoméne « g-

jitter » peuvent assurer I’homogénéisation du bain liquide et la distribution du soluté correspond a
un régime convectif.
Les résultats sont en accord avec les calculs numériques de Nikitin et al. [10] qui montrent

des ségrégations chimiques importantes méme si ’accélération gravitationnelle est de I’ordre
g=10"-10"g,. Ils ont également observé qu’on peut obtenir un profil longitudinal de tipe

Scheil méme en conditions de microgravité.

e La solidification sous champ magnétique axial

Les expériences et simulations numériques [11-12] de solidification Bridgman sous champ
magnétique axial uniforme ont montré que I’application d’un champ magnétique d’intensité
raisonnable ( B < 17") n’est pas efficace pour atteindre le régime de transport solutal diffusif.

En conclusion, il est difficile d’obtenir un régime de transport solutal diffusif lors d’une
expérience de solidification Bridgman et il est également impossible de réduire a la fois le

transitoire de ségrégation axiale et radiale pour un échantillon solidifié dans ces conditions.
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2.3.2 Régime convectif

Un mouvement hydrodynamique fort dans le liquide qui conduit & ’homogénéisation
compléte au voisinage de I’interface, génére un régime convectif. Dans ce cas le transport du
soluté par diffusion est négligeable et 1’épaisseur de la couche solutale en avant du front de
solidification tends vers zéro 6 — 0.

La distribution du soluté est décrit par la loi de Scheil [13] :
Cs =C,K( —%)"—‘ (2.9)

ou L est la longueur d’échantillon. On note que ni la vitesse de croissance ni le gradient
thermique n’influencent le résultat.

La loi de Scheil est représenté dans la Fig.2.9 pour une solidification compléte d’un alliage
GalnSbh (la fraction solidifiée f; =z /L varie entre OQet 1).

On observe une variation réduite de la concentration pour une fraction solidifiée f; <0.7. Par

contre, la fin de la solidification s’accompagne d’une augmentation brutale de la concentration.

Scheil
K=0.2

Figure 2.9. Profil axial de concentration donné par la loi de Scheil (eq. 2.9).
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Dans le régime convectif développé les mouvements hydrodynamiques tendent a réduire
les ségrégations radiales a cause de I’homogénéisation du bain. L’expression proposée par

Kaddeche et al. [14] pour la variation radiale de concentration montre une variation en (Gr )"” ’

des ségrégations radiales:
AC =1.1-C,(1-K )Pe.Gr'"°Sc™"’ (2.10)
ou Pe. est le nombre de Peclet solutal Pe. =RV /D. On observe que I’élévation de I’intensité

convective décrite par le nombre de Grashof tend a réduire les ségrégations radiales.

On note qu’il y une variation radiale de concentration a cause de la courbure de I’interface
méme dans un régime convectif développé.

En conclusion, dans le cas du GalnSh, les ségrégations axiales et radiales sont réduites

pour une fraction solidifiée f; < 0.7 d’un échantillon obtenu en régime convectif développé.

2.3.3 Régime convecto-diffusif

Dans le cas ou le transport du soluté est réalisé simultanément par la diffusion et par
convection, il y a un état convecto-diffusif dans le bain liquide. Le premier mode¢le théorique pour
un régime convecto-diffusif a été proposé par Burton, Prim et Slichter [15]. Ils ont introduit la
notion de couche limite solutale en avant du front de solidification. Dans cette zone d’épaisseur
&, on suppose que le transport du soluté se fait uniquement par la diffusion. Dans le reste du
bain, on suppose que le liquide est homogénéisé par la convection et la concentration est
constante, a C_. On introduit un nouveau coefficient de ségrégation appelé coefficient de
ségrégation effectif :

CS

= 2.11
ef C ( )

ou C, est la concentration dans le bain loin de I’interface.
En résolvant I’équation de la diffusion dans la couche limite solutale Burton, Prim et Slichter ont

trouvé I’expression suivante pour le calcul du coefficient K, :
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K

K, = (2.12)
K+ (1-K)exp(—Agps)
Le parameétre adimensionnel A ,,; défini par:
4
Agps =—0 2.13
BPS D ( )

est une mesure de ’état convecto-diffusif du bain.
Wilson [16] a proposé un autre modele de calcul pour I’épaisseur de la couche limite &,

qui permet d’introduire |’expression suivante pour K, :

K

K, =1—_(m (2.14)

L’équivalence des expressions (2.12) et (2.14) suppose la relation suivante entre le paramétre A

de I’équation (2.14) et A,,; de I’équation propose par Burton, Prim et Slichter :
A =1-exp(=Ags) (2.15)

La théorie montre que le parametre A décrit 1’état convecto-diffusif du bain de la fagon suivante:

A=1 - régime diffusif
0<A<l - régime convecto-diffusif (2.16)
A=0 - régime convectif

En utilisant les résultats de leurs simulations numériques et le modele proposé par Favier
[17], Kaddeche et al. [14] ont proposé une formule pour le calcul du parameétre A :

A =13.2Pe(GrSc)™" (2.17)
La distribution axiale du soluté est donnée par la loi de Scheil modifié :

Cs =CK (1~ fu )™ (2.18)
L’équation (2.18) est représentée dans la Fig.2.10 pour différentes valeurs du paramétre convecto-

diffusif A dans le cas du GalnSh.
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Figure 2.10. Profil axial de concentration donné par la loi de Scheil modifiée (éq. 2.18).

On observe que pour des valeurs A >0.3 1’équation (2.18) ne peut pas décrire le

transitoire initial de la solidification qui commence a une fraction Cg/C, = K dans le solide.

Une bonne approximation d’un profil axial de concentration sera donc possible pour des valeurs
A <0.3. Pour des régimes peu convectifs il existe un transitoire initial dont la longueur est
significative et la formule (2.18) ne s’applique qu’en fin de la croissance. Dans ce cas le profil
axial de concentration peut étre calculé en utilisant les formules de Favier [17].

La variation radiale de concentration peut-étre exprimée en utilisant la formule de
Kaddeche et al. [14] pour un régime convecto-diffusif:

AC =0.64-107C,(1- K )Pe.GrSc (2.19)
On observe que la ségrégation radiale varie linéairement en Gr.

L’étude de Kaddeche et al.[14] pour les ségrégations radiales en fonction de nombre de

Grashof montre la variation présentée dans la Fig.2.11. Contrairement a la notation utilisée dans

)/C_ (Annexe A), il définit AC

maoy

nos articles pour la ségrégation radiale 6C=(C,,, —C

min
comme (C,, -C,,)/C,, ou C,, estla concentration moyenne le long de I'interface. On

observe que AC passe par un maximum lorsque I’intensité de la convection augmente. Dans le
régime diffusif, & des valeurs faibles de nombre de Grashof, les ségrégations radiales sont réduites

et dépendent de la courbure de !'interface. Dans le régime convecto-diffusif, les ségrégations
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radiales augmentent parce que 1’écoulement n’est pas assez fort pour homogénéiser le soluté dans
le voisinage de l’interface. Pour un régime convectif développé les ségrégations radiales

diminuent quand I’intensité convective augmente.

1o} - T
%R o }
®
=
3 85
[Fe
10°L| -
= |
10
103 107!

Figure 2.11. Ségrégation radiale en fonction de nombre de Grashof.
(K =0.087,5¢=10, Pe=0.2).[14]

Si on compare les ségrégations axiales et radiales pour les trois régimes, on conclut qu’on

trouve des valeurs réduites seulement dans le cas d'un régime convectif développé.

2.4 Critére de surfusion constitutionnelle

La stabilité morphologique de I’interface est I’'un des critéres les plus importants qui doit
étre pris en compte pour la croissance cristalline des alliages concentrés. Au cours de la
solidification d’un alliage binaire, il y a des perturbations du front de solidification qui peuvent
apparaitre. On considere |’interface morphologiquement instable dans le cas ou les perturbations
sont amplifiées au cours de la solidification (Fig. 2.12a). Dans le cas contraire I’interface est

considérée comme stable (Fig. 2.12b).
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10 sm

Figure 2.12. Stabilité morphologique de l'interface : a) interface instable;
b) interface stable. [18]

Le critére de surfusion constitutionnelle qui décrit quantitativement la stabilité de ’interface
pour un alliage binaire (K < 1) a été introduit par Tiller et al. [7].

Le soluté rejeté a I’interface s’accumule en avant du front de solidification avec la formation
d’une couche limite solutale. Si on considére que la concentration dans le solide a I’interface

estC,, la concentration dans le liquide sera C,/K et dans ce cas la distribution axiale du soluté

dans la couche limite solutale en 1’absence de la convection est donnée par 1’expression de Tiller

[71:

C, = %[K +(1- K)exp(~% z)] (2.20)

La température de fusion dépend de la concentration en suivant |’expression :
T,=T,-m,-C, (2.21)

ou 7, est la température de fusion pour le matériau pur.
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En introduisant I’expression (2.21) dans la relation (2.20) on obtient:
C vV
T =T —mLYO{K+(I—K)exp(—53)] (2.22)

Le profil axial de concentration dans la couche limite (€q.2.20) et la température de fusion (éq.

2.22) sont représentés dans la Fig. 2.13.

Cy/K b - | ¢ , |

a) salid liquid

b)

Figure 2.13. Stabilité morphologique de l’interface: a) distribution du soluté dans la couche
limite solutale (éq.2.20); b) température de fusion (éq.2.22) et variation de température causée

par le refroidissement d’échantillon.

On observe que la température de fusion augmente en avant du front de solidification. La

pente de la courbe a I’origine est : m,C,(1-K)V'/KD.
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L’interface est morphologiquement stable quand le gradient thermique dans 1’échantillon
a ’interface est supérieur a la pente de la courbe 2.22 :

- interface stable :

V(A=K C

G 2.23
r D P (2.23)
- interface instable
G, <E£V_Q;@_§g (2.24)
D k

En prenant en compte que la concentration a I’interface C, varie au cours de la solidification, on
peut remplacer la valeur constante C,/K par C, dans I’expression (2.24). Dans le cas qui nous

intéresse, ou V' et G, sont imposés par I’expérimentateur, on retiendra que I’interface devient

instable quand la concentration a I’interface est supérieure a la valeur :

DG,

En croissance cristalline, de nombreux auteurs ont préconisé de rechercher un régime
diffusif pour obtenir un matériau homogéne. Cependant, en particulier pour les alliages dilués, on
observe qu’on ne peut pas réduire a la fois les ségrégations axiales et radiales en conditions de
transport solutal diffusif. En plus, du point de vue pratique, il est tres difficile d’obtenir un état
diffusif dans le bain liquide, méme en conditions de microgravité. Pour les alliages concentrés
I’état diffusif établi dans le liquide a cause de l’effet d'amortissement solutal conduit a une
augmentation des ségrégations radiales et a la déstabilisation morphologique de ['interface (Ch.
4).

En conséquence nous proposons plutét de rechercher un régime convectif développé afin

d’obtenir un alliage homogénéisé sur une longueur conséquente.
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Chapitre 3 : Approche et outils numériques

3.1. Rappels bibliographiques

Des études numériques sur la croissance Bridgman des alliages binaires ont été effectues
depuis une vingtaine d’années.
Chang et Brown [19] on étudié I’effet de la convection sur les ségrégations solutales pour

un alliage Ga,_,Ge, dilué solidifié par la méthode Bridgman-Stockbarger verticale. Les résultats

de la simulation numérique en régime stationnaire montrent que les ségrégations radiales
augmentent jusqu'a a atteindre un maximum pendant la transition d’un régime diffusif a un régime
convectif développé.

Un modéle numérique a été développé par Adornato et Brown [20] pour 1’étude en régime
stationnaire de 1’influence des conditions de croissance sur le champ thermique, la convection, la
courbure de I’interface et les ségrégations solutales dans le proces de I’élaboration des alliages

Ga,_.Ge, et Ge_.Si. dilués et concentrés. La modélisation est effectuée pour deux fours de

tirage: a) type Bridgman-Stockbarger, b) type resistor conique (four 2000). Ils ont mis en évidence
I’effet d’amortissement de la vitesse convective pour les alliages concentrés du au fort gradient
solutal.

L’étude numérique du couplage des effets thermiques et solutaux pour 1’alliage

Hg, Cd Te concentré a été effectuée par Kim et Brown [21], suivie d’une analyse compléte de

la convection thermo-solutale, des ségrégations solutales et de la courbure de I’interface [22]. La
simulation numérique est réalisée sur terre et dans des conditions d’un environnement
microgravitationnel. La dépendance des propriétés physiques (température de solidification et
coefficients d’expansion thermique et chimique) en fonction de la concentration a été prise en
compte dans le calcul numérique. Les résultats numériques montrent une augmentation importante
des ségrégations axiales, radiales et de la courbure de I’interface seulement pendant un transitoire

initial au début de la solidification.
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La croissance Bridgman des alliages Cd,_ Zn Te dilués a été numériquement étudiée par
Kuppurao, Brandon et Derby en régime transitoire [23]. Ils ont analysé ’effet de la vitesse de
tirage sur les ségrégations axiales, radiales et la courbure de I’interface.

‘Une simulation numérique en régime stationnaire pour un alliage dilué obtenu par tirage
du creuset dans un gradient thermique axial constant a été effectuée par Kaddeche et al. [14]. A
partir des résultats numériques, des expressions simples pour le calcul des ségrégations radiales
d’un régime diffusif, convecto-diffusif et convectif développé ont été proposées.

Le code FIDAP a été utilisé pour la modélisation de croissance Bridgman de cristaux

BiSbTe, en régime transitoire pour des alliages dilués [24] et concentrés [25]. Les résultats

numériques sont comparés a ceux du modele analytique de Favier [17].

Aucune des différentes études numériques présentées ci-dessus ne présente une
comparaison directe des résultats numériques a des résultats expérimentaux. Pour des raisons de
validation de I’approche numérique, la comparaison des résultats numériques et expérimentaux a

été I’objectif principal de notre travail.

3.2. Equations et conditions aux limites

3.2.1 Equations de conservation

Le calcul de la distribution du soluté dans un alliage nécessite la résolution des équations
suivantes :
e Equation de conservation de la masse :

pVi =0 (3.1)
e Equation de conservation de la chaleur :

pcP(E;—T+EVT)=kV3T (3.2)
e Equation de Navier-Stokes :

- 5~ ~
ol —+(aV )il ] ==Vp'+ Vi = po&[ fr(T =T, ) = Be(C=Cy )] (3.2)

oup'=p+ p,gz.

e Equation de conservation du soluté :
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L DBY*E (3.4)
ot

On a utilisé I’approximation de Boussinesq qui consiste a dire que la densité d’un fluide

incompressible est égale a sa valeur moyenne p, dans tous les termes des équations sauf dans le

terme de force volumique de I’équation de Navier-Stokes( 0 = py[1— S, (T —T,) + B.(C —C,)]).

3.2.2 Conditions aux limites
Les conditions aux limites pour les surfaces du domaine physique sont :

® Les conditions aux limites pour l'équation de la chaleur :
- pour la paroi extérieure du creuset:
Les conditions aux limites pour les températures sont imposées de maniére différente pour les
deux configurations présentées dans les Fig.2.1 et 2.2.
a) Dans le cas du four AGHF (Fig.2.1), les températures mesurées en utilisant les
thermocouples sont imposées sur les parois de creuset. Le profil de température est décrit
par I’expression suivante :

zZ—2z,
=)

o (3.5)

T(z)=T, +-;—(TH =TI +erf(2-G;

ou 7, et T,. sont les températures au sommet et en bas de I’échantillon et z est Ialtitude.
Les valeurs du gradient thermique axial G, et la coordonnée du point d’inflexion de la courbe
des températures z, sont obtenues par régression avec la fonction (3.5) en utilisant le profil de
température mesuré.
b) Dans le cas du four 2000 Bridgman (Fig.2.2) le transfert thermique sur les parois du
creuset est décrit par I’expression suivante:
—kVT =hy(T-T,,) (3.6)
Le coefficient effective de transfert thermique et calculé pour représenter les échanges
radiatifs a 1’aide de la relation :

h, =4eoT,

& et o sont respectivement I’émisivité et la constante de Stephan.
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On obtient une valeur A, ~ 100/ /m’K pour une température moyenne 7, =950K .

Le profil thermique de la paroi du four 7, . est considéré linéaire en accord avec les résultats

expérimentaux.

- pour les surfaces situées au sommet et en bas de ’échantillon on impose la température
T, pour I"altitude correspondante (milieu en €quilibre avec les parois du creuset).
- pour I’axe de symétrie :

ar

or |,

=0 3.7)

- pour l'interface solide-liquide, il faut prendre en compte le dégagement de chaleur latente
AH :

(ksVT|, -k, VT|,)ii = ps-AH -V (3.8)

La température de solidification dépend de la concentration du soluté dans le liquide a I’interface

(C, ) en suivant la relation linéaire :
T,(O)= T, —m,C, (3.9)
ou Ty est la température de solidification pour GaSh et m, est la pente de la courbe liquidus du

diagramme de phase (Fig.2.6).

® Les conditions aux limites pour l'équation de Navier-Stokes :

pour les frontiéres solides du liquide (y compris ’interface) :

u=20
- pour la limite supérieure du liquide :
u, =0

- pour I’axe de symétrie :

u =10

r

Les conditions aux limites pour l'égquation du soluté sont :

pour les frontiéres du liquide autres que le front de solidification :
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ac
=1 3.10
S (3.10)
- pour l'interface solide-liquide :

DVC|LE=(1—K)(I7’-E)C, (3.11)
ou K est le coefficient de ségrégation (K =C;/C,) et C,est la concentration du soluté dans le

liquide a I’interface.

3.2.3. Adimensionnalisation des équations

Ce probléme complexe qui implique trois aspects différents (thermique, hydrodynamique et
chimique) nécessite 1’adimensionnalisation des parameétres physiques qui interviennent dans les
équations pour obtenir une bonne convergence du calcul effectué par le logiciel aux éléments finis
FIDAP. Cette adimensionnalisation doit ici &tre adaptée a la convection naturelle laminaire,

comme le montre la valeur de référence pour le nombre de Reynolds :
UL
Re, =22~ \/,BTATgL = JGr ~ 66

Dans ce cas la forme adimensionnelle suivante des équations est préconisée :

e Equation de conservation de la masse :

Vi=0 (3.12)
e Equation de conservation de la chaleur:
OT  * s o2
NGrP(Z=+aVT)=V>T (3.13)
ot

e Equation de Navier-Stokes:

.

JGr(CL Vi)=Y p+ V* i~ Gr[T+ Bo(C- D, (3.14)
ot

OUP \fG—f‘p ﬂc Be (B -AT).

e Equation de conservation du soluté :

JGrseCS vivey=v2 e (3.15)
ot
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Les parameétres physiques adimensionnels sont :

le te ; t u
= mps : _f—
P L
* x_;
- la longueur : X; =T
v .U
- la vitesse : p——
u; T
- la pression : ;; L -
pU~
- la température : T = I-7.
I~
. - C
- la concentration : s
G

ou L=R est la longueur caractéristique de I’écoulement,

U =./B,ATgL estla vitesse caractéristique de la convection,
AT = fG, estla différence radiale de température  I’interface,

fest la déflexion de I’interface.
Les nombres caractéristiques sont:

- le nombre de Grashof

B ATgL®
Gr = M (3.16)
PE
- le nombre de Prandtl

HCp
Pr=—= )
P (3.17)
- le nombre de Schmidt

A%
Se=— (3.18)

Les valeurs caractéristiques pour nos problémes sont : Gr = 5000 —10000 , Pr = 0.04 ,

S¢ =30 .

32



3.3. Modéle numérique

Le code commercial FIDAP (FLUID DYNAMICS ANALYSIS PACKAGE) est utilisé
pour :

- 1’étude d’écoulements des fluides en régimes stationnaires ou transitoires,
- le transfert de la chaleur par conduction, convection et rayonnement,
- le transfert de masse par diffusion et convection.

Le logiciel est basé sur la méthode des éléments finis qui consiste a résoudre les équations
de conservation sur une discrétisation du domaine de calcul en sous-domaines appelés éléments.
On obtient de cette maniere le maillage du domaine.

Les procédures de résolution des équations sont: les méthodes de Newton (Newton-
Raphson, quasi-Newton), la méthode de substitutions successives, la méthode ségrégée
(« segregated »), etc. La méthode « segregated » permet la résolution d’un systéme séparé
d’équations pour chaque degré de liberté. Pour les simulations en régime transitoire qui supposent
une surface qui se déplace, comme dans notre cas une interface solide-liquide, le code offre deux

possibilités pour la modélisation :

a) La méthode de ‘mushy-zone’ avec un maillage fixe, qui définit les phases solide et
liquide comme une seule entité ayant des propriétés différentes (dans 1’état solide et
liquide) qui permet de prendre en compte la génération de chaleur latente, mais qui ne
permet pas d’aborder les phénomeénes de ségrégation solutale et ne sera donc pas

utilisée ici.

b) La simulation avec un maillage déformable qui permet le déplacement de I’interface
de solidification (“free surface’). Dans ce cas il y a toujours des nceuds sur ’interface,

ce qui permet d’y imposer un flux de soluté correspondant au coefficient de partage.

Le logiciel FIDAP a été utilisé au cours de notre étude pour la résolution des équations de
conservation de I’énergie, de la quantit¢ de mouvement et des especes a 1’échelle du systeéme
échantillon-creuset. En particulier on désire calculer la distribution du soluté dans les alliages

GalnSh et chercher les conditions optimales pour I’homogénéité de ces cristaux.
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Le maillage aux éléments quadrilatéraux a quatre nceuds est resserré dans la région de
I’interface en raison d’obtenir la convergence du calcul pour I’écoulement du fluide (Fig. 3.1).
Pour le calcul de la distribution du soluté dans 1’échantillon liquide, il est nécessaire d’augmenter
encore plus la densité des nceuds dans le voisinage de I’interface. Une optimisation du maillage a
été effectuée pour trouver la taille des mailles qui permet d’avoir une convergence rapide du
calcul numérique et les résultats ne sont pas modifi€és quand la taille des mailles est diminuée. Il
faut éviter un maillage trop dense a I’interface, parce que dans ce cas le calcul de la surface libre
ne converge pas, surtout dans les cas ou la dépendance de la température de solidification en
fonction de la concentration est prise en compte.

L’alliage est divisé en deux parties : « liquide » et « solide » qui sont séparé par une surface
correspondant a I’interface de solidification. L'évolution de I’interface de solidification pendant la
cristallisation peut étre simulée en utilisant le maillage déformable. Dans ce cas, ’interface est
définie comme une surface libre (‘free surface”) qui peut se déplacer.

La résolution des équations (3.1-3.4) dans le cas transitoire nécessite deux étapes de
simulation :

- Dans la premiére étape, nous avons simulé le régime thermique et hydrodynamique permanent
avec un maillage non déformable. Dans ces conditions, le maillage n’est pas déformé et donc
’entité « melt » qui sépare le « solide » et le « liquide » est droite et horizontale. Ce résultat
sert de condition initiale & la deuxiéme étape.

- Pour le régime transitoire, les équations de conservation de I’énergie, de la quantité de
mouvement et des espéces sont résolues avec un maillage déformable. Dans ce cas 1’entité

« melt » est définie comme surface libre ayant la température de solidification T . Le pas de

temps utilisé pour la simulation en transitoire est trés faible et dépend de probléme: 0.5-0.1s.
Comme méthode de résolution, nous avons choisi la méthode « SEGREGATED » qui
permet la résolution d’un systéme séparé d'équations pour chaque degré de liberté. Cette méthode
assure un nombre réduit d’itérations pour le calcul de la forme de la surface libre. La déformation
du maillage est présentée dans la Fig.3.1. On observe que I’entité « melt » prend la forme de
I’isotherme de solidification. A cause de la déformation du maillage dans la zone liquide, il est
nécessaire de définir une surface libre aussi dans le creuset, qui se déplace en méme temps que

’interface (voir Fig.3.1).
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Pour les alliages concentrés, le code offre la possibilité d’introduire une température de
solidification qui dépend de la concentration (voir 1’équation 3.9). Dans ce cas, I’interface n’est

plus isotherme.

axe de
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Interface

| ll ll | ||l
[T :
| I in
I
IH}
Il

ITITHE
igyg) iy
Iy {ih

Figure 3.1. Maillage avec 8000 éléments quadrilatéraux.

Module électromagnétique FIDAP
La solidification des alliages concentres sous champ magnétique alternatif a été étudiée

dans les annexes [AS, A6] pour augmenter I’intensité de la convection et pour homogénéiser le

soluté dans le liquide pres de I’interface.
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La modélisation de I’influence d’un champ magnétique alternatif sur la convection
thermo-solutale du bain liquide nécessite la résolution des équations couplées de conservation de

I’énergie, de la quantité de mouvement, du soluté et I’équation de I’induction :

pcp(i—TJr avT)=kV’T+Q,,, (3.19)
ol Foo o

p[-af(uv)u] ==Vp+uVu+ pg[l- (T -T;) + B (C— C)1+ Fyy, (3.20)

%4- #VC = DV*C (3.21)

%—?=Vx(ﬁx§)+#%vzg (3.22)

L’équation de I’induction n’étant pas implémentée dans le logiciel FIDAP, nous avons
développé un module électromagnétique pour ce code. A I’aide de ce module on peut résoudre
I’équation de I’induction, calculer les forces électromagnétiques et la convection induite dans
’échantillon liquide.

Le domaine de la simulation contient 1’échantillon, le creuset et la bobine (Fig. 3.2). Pour
le calcul de champ magnétique un domaine extérieur de dimensions 6¢m x16cm a été utilisé.

A faibles nombres de Reynolds magnétiques Re,=URuo on peut négliger le terme de la
convection # x B dans 1’équation de ’induction ( Re,~10™ pour notre probléme). De plus, pour
une alimentation sinusoidale de la bobine, le potentiel vecteur harmonique s’écrit :

A(f) = Ade™
ou @ =27f,, est la pulsation du courant électrique.

Dans ce cas, I’équation de I’induction décomposée en deux équations couplées pour la partie
réelle 4, et imaginaire 4, du potentiel vecteur A ala forme suivante:

AA, + powA, + W, =0 (3.23)
AA, — powA, =0 (3.24)

Jy est la densité de courant électrique dans la bobine introduite dans le calcul par la relation :

NI
Fi= 3.25
"= dH, (3.25)
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ou N est le nombre de spires de la bobine, / I’intensité du courant électrique (valeur créte), d le

diametre interne de la spire et H; la hauteur de la bobine.

axe de
syinefiie

- creuset (BN)

L=6cm

bobine

R=06cm

Figure 3.2. Domaine de la simulation.

Les deux équations sont introduites dans le calcul FIDAP comme deux équations
d’espéces « SPECIES 2 » et « SPECIES 3» , la premiére équation « SPECIES 1 » étant 1’équation
du transport du soluté (éq. 3.21).

La forme générale de 1’équation d’espéces est :

p(aa—f +uVC)= pDV*C +q, (3.26)
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ou g est le terme qui décrit la génération d’especes par une source a I’intérieur du domaine. Le

code FIDAP permet d’introduire un parameétre « CAPACITY » qui correspond a la chaleur

spécifique ¢, de I’équation de la chaleur. Pour I’équivalence des équations (3.22-23) et (3.26), il

est nécessaire d’introduire le terme CAPACITY — 0.
L’adimensionalisation des €quations nécessite 1’introduction des parametres FIDAP de la

forme suivante :

p — DENSITY — Gr

D — DIFFUSIVITY — 1/+4/Gr
¢p— CAPACITY —» 0

go— SOURCE — R? ¢,
ou q. = oA, + i 5 pour ’équation (3.22) et g, = —uowA, pour I’équation (3.23).
L’interaction entre le courant électrique induit dans 1’échantillon liquide jet le champ

magnétique B est décrit par la force Laplace-Lorentz :

F,, =jxB (3.27)
ou la densité de courant électrique est donnée par la relation :

}’=J(—Z—f+ﬁx§) (3.28)
et I’induction magnétique par 1’expression:

B=VxA4 (3.29)
A faibles valeurs de nombre Reynolds magnétique (Re,~10°) on peut supprimer le terme

ji x B dans la relation (3.28).
On obtient les expressions suivantes pour les composantes radiales et axiales en

coordonnées cylindriques :

0o 0A, 6A A
F=—="[4(— 3.30
’ 2[,(a r (3.30)
F, =——(A o -4 BA’) (3.31)
or or

La quantité de chaleur dégagée par effet Joule dans la charge est prise en compte dans 1’équation

(3.19) par la puissance volumique j*/o :
P p que J
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a2

O =72 10=22 (4> + 4%) (3.32)

Il faut noter qu’il est difficile de modéliser I'influence du brassage électromagnétique sur
la convection thermo-solutale. Le calcul en transitoire de 1’écoulement du fluide sous champ
magnétique a nécessité le changement de paramétres de convergence a plusieurs étapes de la

simulation.

Le code commercial aux éléments finis FIDAP est utilisé pour la simulation en transitoire
des phénoménes thermiques, hydrodynamiques et le transport du soluté qui interviennent lors de
la solidification Bridgman des alliages GalnSb concentrés. Le code permet de prendre en compte
la variation des propriétés physiques en fonction de la concentration. Pour la simulation de
Uinterface solide-liquide qui se déplace et change de la forme au cours de la solidification on a
utilisé la méthode du maillage déformable.

La simulation de la solidification sous champ magnétique alternatif a nécessité de
développer un module électromagnétique pour le code FIDAP.

Les calculs complexes en régime transitoire nécessitent un maillage structuré et des pas de

temps tres faibles.
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Chapitre 4 : Influence de la convection thermo-solutale sur les ségrégations

chimiques
4.1. Alliages dilués

La simulation numérique a été réalisée dans les conditions d’une expérience de
solidification en front plan suivant la méthode Bridgman-Stockbarger (four AGHF) d’un alliage
GayosIny o, Sb (expérience GM 4%) [1]. Les paramétres qui interviennent dans cette expérience
sont donnés dans le Tableau 4.1.

Les propriétés physiques des alliages GalnSb et du creuset en nitrure de bore (BN)

utilisées pour la simulation numérique sont données dans I’ Annexe B.

Tableau 4.1. Parameétres de l’expérience GM 4%

Paramétre Symbole Value

Rayon du cristal R 0.006 m
Rayon du creuset R. 0.008 m
Longueur du creuset L 0.215 m
Vitesse de tirage V 1.1-10°m/s
Gradient thermique axial G, 6000K / m
Température de solidification | 7 975K

Les équations de conservation et les conditions aux limites sont présentées dans le
paragraphe 3.2. Les résultats de la simulation pour les températures, vitesses (lignes de courant) et
concentrations sont présentés dans la Fig. 4.1.

Le champ thermique est caractérisé par des isothermes qui sont courbées au voisinage de
’interface (concaves vues depuis le liquide) et dans la région de passage de la zone adiabatique
vers la zone chaude du four (convexes). (voir la Fig. 4.1a)

L’écoulement est caractérisé par deux cellules de convection: 1’'une localisée au voisinage

de I’interface et I’autre, plus allongée, qui résulte des gradient radiaux de température dans la zone

41



de passage vers la zone chaude (Fig.4.1b). Le maximum de la vitesse convective est localisé sur
I’axe de symétrie pour la cellule de convection qui se trouve au voisinage de I’interface
u,,=510"m/s.

On observe dans la Fig.4.1c que la répartition solutale est influencée par la convection. Le
soluté est transporté des parois du creuset vers le centre de 1’échantillon. Les lignes iso-
concentration sont trés déformées a cause de I’écoulement par rapport aux isothermes car le

nombre de Schmidt Sc =30 est trés supérieur au nombre de Prandtl Pr =0.04.

Temperature (K) Streamlines Concentration CfCD

9. 114E+04 .684E-02

2.111E+84 .533E-62 0. 101E+01
0. 107E+04 .381E-02 ViRt
9. 104E+94 .228E-02 9. 759Even
. 181E+04 .779E-083 :'22222
B.971E+B3 .737E-B3 0 .389E+00
@ _937E+@3 _225E-812 0 .253E+00
2.993E+23 -377TE-B2 0.127E+00

a) b) c)

Figure 4.1. Les résultats de la simulation pour 'expérience GM 4% au temps t = 500s :

a) champ thermique; b) lignes de courant ; c¢) champ de concentration.

Ce résultat correspond a une homogénéisation du liquide par la boucle convective située
au voisinage de I’interface. En utilisant la formule proposé par Kaddeche [14] pour le calcul de
parametre convecto-diffusif A (éq. 2.13) on obtient la valeur A =0.13 qui correspond a un régime
convectif. En effet le profil axial de concentration, expérimental et numérique [A1] suit la loi de

Scheil pour un régime convectif (K, =0.22). Les ségrégations radiales mesurées et calculées

sont faibles en accord avec 1’estimation de Kaddeche (éq. 2.10) qui conduit & une valeur 6C =0.1.
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En conclusion, la simulation numérique de 1’expérience GM 4% montre que la distribution
du soluté correspond a un régime convectif caractérisé par des ségrégations axiales et radiales

réduites.
4.2. Alliages concentrés

Dans le cas des alliages concentrés, la variation des propriétés physiques en fonction de la
concentration a été prise en compte de la maniere suivante:

e Densité
La densité d’un alliage GaSh— InSb concentré dépend de la concentration du soluté /nSb qui est
plus dense que la matrice. La formule de la densité qui intervient dans 1’équation de Navier-
Stokes (éq. 2.3) s’€écrit:

p =0yl Br (T ~T,) + Bo(C—Cy)]
On observe que pour les alliages concentrés, la force volumique de I’équation (3.3) dépend de la
distribution du soluté dans le liquide, on va avoir donc un effet solutal sur la convection.

e Température de solidification
La température de solidification d’un alliage GaSbh— InSb dépend de la concentration du soluté
dans le liquide a I’interface. A partir du diagramme de phase de 1’alliage (Fig.2.6) on peut
considérer une variation linéaire de la température de solidification en fonction de la
concentration:

TAC) =T2 =m,C,
ou la pente de la courbe liquidus dépend aussi de la concentration:

m, =1.3K %" pour C, <10%

m, =1.7K - %" pour C, >10%

e Conductivité thermique
Les trévaux expérimentaux de Jordan [27] et Kudman et al. [28] montrent une variation de la
conductivité thermique du solide en fonction de la concentration décrite par une expression
linéaire :

kS(C)=k£ -m Cg
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ou C; est la concentration dans le solide, & est la conductivité thermique du GaSh et m, est la
pente calculée en utilisant les courbes expérimentales de [27, 28] (m, = 0.65Wm ™K' %™").

On observe que k; diminue quand la concentration augmente et la courbure thermique de

’interface et alors plus prononcée, en tenant compte des formules proposées en [4, 5].
Les expériences de solidification Bridgman-Stockbarger (four AGHF) des alliages
GayoIn, Sb (expérience GM 10%) et Ga,,In, Sb (expérience GM 20%) montrent des

hétérogénéités de composition et une augmentation de la courbure de I’interface pendant la
solidification [1, 29].

Les segregations axiales et radiales augmentent et I’interface devient morphologiquement instable
en conformité avec le critére de surfusion constitutionnelle introduit par Tiller et al. [7] :

DG,

C,>———L —
my(1-K)V,

(4.1)

ou V¥, est la vitesse de I’interface.
Ce crittre montre que [’interface devient morphologiquement instable quand la

concentration dans le liquide a I’interface est supérieure a C, calculée par la relation (4.1).

La figure 3.7 représente les photographies des échantillons sur lesquelles apparaissent les
marquages Peltier de I’interface. On observe que I'interface devient morphologiquement instable
pour I’échantillon GM 10% solidifie dans le creuset en nitrure bore & environ z =35mm de
longueur solidifiée. Pour ’échantillon GM 20%, la courbure de I’interface commence a croitre
brusquement et la solidification est déstabilisée a2 z =8mm de longueur solidifiée.

Ces phénomeénes ont été étudiés en utilisant la simulation numérique en transitoire de la
solidification [A2, A3]. La simulation numérique montre 1’amortissement de la convection
thermique, causée par le soluté rejeté a I’interface.

Au début de la solidification, une boucle convective d’origine thermique apparait au

voisinage de I’interface & cause des gradients thermiques radiaux dans cette région (Figures 4.3a

et 4.4a). La vitesse maximale est: u, =12-10"m/s pour I’échantillon GM10% et

U, =1.6:10"°m/s pour Déchantillon GM 20%. L’écoulement est fort et assure

I’homogénéisation du soluté dans la région de I’interface. Les ségrégations radiales correspondant

a un régime convectif sont treés faibles.
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Figure 4.2 Photographies des échantillons GM 10% et GM 20%.
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Au cours de la solidification le soluté¢ /nSh rejeté a ’interface, qui est plus dense que la
matrice GaSh, a une action stabilisante sur I’écoulement d’origine thermique du fluide.

L’amortissement devient effectif aprés un transitoire initial qui dépend de la concentration initiale

du soluté dans le liquide: 7 =2.64 pour I’échantillon GM 10% (u,, =3-10"m/s) et t=1.5h

pour I’échantillon GM 20% (u,,,. =107 m/s ). (voir les Figures 4.3b et 4.4b)

Dans le cas de I’échantillon GM 20%, une faible cellule convective reste localisée a 1’interface au
voisinage des parois du creuset. On peut expliquer ce phénoméne par le fait que pendant la
solidification de 1’échantillon GM 20%, la courbure de !’interface augmente plus que pour

1’échantillon GM 10% (voir les résultats expérimentaux [1] et numériques [A3]). En conséquence

I’angle entre la normale a I’interface 7 et la direction de la vitesse ¥/ augmente vers les parois du
creuset et la quantité du soluté rejeté diminue (voir 1’équation 3.11). L’effet d’amortissement
solutal est plus faible vers les parois de creuset pour 1’échantillon GM 20% et un écoulement reste
localisé dans cette région.

A cause de I’amortissement solutal, on observe une transition vers un régime diffusif dans
le liquide. Par conséquent, les ségrégations radiales augmentent et I’interface devient plus courbée
a cause de la variation de température de solidification en fonction de la concentration (effet
« liquidus ») [A3].

Une formule analytique qui décrit le surcreusement de la fléche de I’interface a cause de
I’effet solutal et qui peut prévoir la déstabilisation morphologique de I’interface en accord avec le
critere de surfusion constitutionnelle [7] a été proposée dans la Ref. [A3]:

e f;

L (1=K)
DG,

V,C,

ou ¥, est la vitesse de I’interface.

L’évolution de la fleche de ’interface f est liée a la variation de concentration dans le
liquide a I’interface C, . La déstabilisation morphologique de I’interface correspond a f — o0, ce
qui nous permet de proposer une condition équivalente au critére de surfusion constitutionnelle
proposée par Tiller et al [7]:

DG,
L, (1=K,
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La simulation numérique des expériences GM 10% et GM 20% montre une augmentation
importante des ségrégations axiales et radiales aprés qu’un régime diffusif est établi dans le bain
liquide. Toutefois les résultats numériques ne sont en accord avec les données expérimentales que
si une variation importante du coefficient de diffusion en fonction de la concentration est prise en
compte pour la modélisation. Il faut considérer que le coefficient de diffusion diminue quand la
concentration augmente, contrairement aux résultats expérimentaux de G. Miller-Vogt et al. [30]
qui trouvent une valeur D =1.2-10"%m?s™" pour les alliages dilués et D =2.1-10"*m*s™" pour les
alliages C =50% InSb.

En comparant les résultats numériques et expérimentaux pour la distribution axiale du
soluté dans quatre échantillons (C, =4%, 10%, 15% et 20%) nous trouvons une dépendance
linéaire :

D=D,-m,C, pour C, <50% (4.2)
ou D, =1.2-10"%m?s™" est le coefficient de diffusion pour les alliages dilues et la pente calculée
est mp, =0.03-10°m*s™' %' [A3].

Une recherche bibliographique a montré une variation identique du coefficient de diffusion
pour un alliage SnPb [31], sans offrir une explication pour ce phénomene.

A partir d’un calcul analytique, quelques formules qui décrivent le transitoire vers un
régime diffusif causé par I’effet solutal ont été proposées dans [A2]. L’effet d’amortissement
solutal devient effectif quand les termes thermique S,AT et solutal S.AC de la force volumique
dans I’équation de Navier-Stokes sont équivalents :

PrAT = . AC (4.3)
ou AT = f-G, est la différence de température a I’interface et ACest la variation radiale de
concentration le long de I’interface.

La formule de calcul pour AC dépend de I’état initial dans le bain liquide:
- €q. (2.8) pour un régime diffusif
- €q.(2.10) pour un régime convecto-diffusif

- €q.(2.19) pour un régime convectif.
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La simulation numérique des expériences GM montre un régime convectif au début de la
solidification. Par conséquent, le transitoire vers un régime diffusif est décrit par I’expression
suivante [A2] :

V™ = ﬂTjGLfl)m ~2/9 (#4)
1.18,(1-K)RGr~""Sc™"C;

ou V' est la vitesse critique de I’interface pour laquelle I’amortissement de la convection devient
effectif.

C, est la concentration dans le liquide & I’interface qui suit la loi de Scheil :
C, = c,,n—% e (4.5)

On observe que a la méme vitesse de I’interface, le transitoire initial dépend de la concentration

initiale du soluté C, et devient plus rapide pour un alliage plus concentré. Ce résultat est en

accord avec les expériences et la simulation numérique, qui montre un transitoire plus court
(¢t =1.5h) pour I’échantillon GM 20% par rapport au échantillon GM 10% (¢ = 2.6k ). (voir Figs.
43 et4.4)

Pour éviter [’amortissement de I’écoulement la vitesse de tirage doit étre plus faible que la
vitesse critique au cours de la solidification:

V<¥V®
Dans ce cas, le régime convectif est maintenu pendant la solidification et génére de faibles

ségrégations axiales et radiales dans I’échantillon.

Les résultats numériques concernant I’effet solutal sur la répartition solutale permettent
I’optimisation des expériences de solidification pour obtenir des alliages concentrés plus
homogenes de point de vue chimique. Deux méthodes sont proposées pour améliorer la qualité
des cristaux :

a) La croissance Bridgman sous champ magnétique alternatif [AS, A6]

b) La croissance Bridgman a vitesses de tirage faibles et variables [32] .
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4.3 Solidification Bridgman sous champ magnétique alternatif

L’emploi d’un champ magnétique pour augmenter I’intensité de la convection et donc
éviter I’effet d’amortissement solutal a été étudié dans [AS, A6]. Le champ magnétique est crée
par une bobine d’induction située autour du creuset. La simulation numérique a été utilisée pour le
calcul des paramétres du champ magnétique et pour I’optimisation des dimensions de la bobine
ainsi que sa position par rapport a l’interface. Dans une premieére étape, le probléme
électromagnétique a été résolu en utilisant le module Induction 2D écrit pour le code FLUENT et
les résultats calculés pour les forces de Lorentz ont été introduits dans les fichiers FIDAP pour le
calcul de la solidification des alliages concentres [AS].

Une optimisation des parametres du champ magnétique (I’induction B et la fréquence f,))

a été effectuée en utilisant les estimations analytiques et la simulation numérique. On trouve un

brassage optimal pour la fréquence f,, =5000Hz qui correspond a un parameétre d’écran R =2

(R, = uowR*). Cette valeur est beaucoup plus faible que la valeur R, =40 trouvée

expérimentalement [33] pour un échantillon en mercure (R =10cm). Les calculs ultérieurs
effectués avec le code CrysVUn montrent que la valeur de parametre R, pour laquelle on obtient
un brassage optimal dans [’échantillon liquide dépend du rayon de I’échantillon [34].
L’optimisation de la fréquence effectuée avec les codes Fluent [A5] comme avec le code FIDAP
[A6] donne le méme résultat qu’elie soit.

En variant I’induction du champ magnétique pour une méme valeur de la fréquence
/., =5000Hz on observe que pour des valeurs faibles du champ, le brassage est insuffisant pour
homogénéiser le liquide prés de l’interface. Pour des valeurs trés fortes de I’induction, la
convection est intense et déforme les isothermes en augmentent la courbure de I’interface. Les

parameétres optimaux du champ magnétique sont B =3 —4mT et f, =5000Hz pour un alliage
GayoIn,,Sb (R = 0.6cm ) solidifié a une vitesse de tirageV =1um/s .

La résolution des équations couplées en utilisant deux codes, FLUENT (probléme
electromagnétique) et FIDAP (probléme thermo-hydrodynamique et transport du soluté) est
approximatif, parce que ’effet du champ magnétique dépend de la géométrie exacte du liquide et

donc de I’interface. Pour la résolution correcte de ce probléeme complexe, il a été nécessaire de
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développer un module électromagnétique pour le code FIDAP [A6]. En utilisant ce module, la
résolution simultanée des équations couplées en mode transitoire a été possible.

La simulation a été effectuée pour le four Bridgman 2000 qui a été modifié en introduisant
une bobine a I’intérieur du résistor conique (voir Fig.4.5). Le calcul numérique a permis de
réaliser une optimisation des dimensions de la bobine ainsi que sa position par rapport a
I’interface. Les résultats de la simulation montrent que la position de la bobine peut influencer la
convection induite par le champ magnétique. Pour que le soluté soit bien homogénéisé a
I’interface, il faut qu’au début de la solidification la position de 1’interface soit a I’extrémité basse
de a bobine.

Méme dans ce cas, I’amortissement solutal intervient aprés quelques millimetres de
longueur solidifiée et les ségrégations axiales et radiales augmentent. Pour éviter I’amortissement
solutal tout au long de la solidification, nous avons proposé d’augmenter progressivement
I’intensité du champ magnétique de 1m7 tous les Smm solidifiés. Dans ce cas, les ségrégations
axiales, radiales et la fleche de I'interface sont réduites par rapport aux alliages solidifiés en

absence de champ magnétique

creuset

biniid
tibiae A8

résistor solide

Figure 4.5. Four Bridgman 2000 avec une bobine d’induction.
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4.4 Modélisation des expériences de solidification Bridgman en microgravité

En utilisant le modéle numérique développé pour la solidification Bridgman d’alliages
GalnSb concentrés au niveau terrestre, nous avons étudié 1’effet solutal pour la solidification dans

un environnement microgravitationnel. L’étude a été effectuée pour une configuration Bridgman

horizontale pour des accélérations gravitationnelles entre 10~ et 10°g, [A2]. On observe un

effet solutal inverse par rapport aux expériences en configuration Bridgman vertical. Dans ce cas
I’intensité convective augmente mais 1’effet est trés faible et en général on peut le négliger.

La simulation numérique a été aussi utilisée pour expliquer le profil axial de concentration
de tipe Scheil mesuré le long d’un échantillon GalnSb concentré solidifié en conditions de
microgravité pendant la mission STS 78/LMS [A4]. L’effet des fluctuations de gravite résiduelle
(« g-jitter ») sur la convection et les ségrégations chimiques a été premiérement analysé. Les

résultats numériques montrent que I’intensité de la convection augmente 30 fois quand le niveau

de la gravite varie entre g(10°g,,107 Hz) et g(107g,,l0Hz). On observe un faible effet des

accélérations périodiques sur la distribution du soluté pour des fréquences en dessous du 107 Hz .
Pour des fréquences plus élevées, la distribution axiale et radiale du soluté n’est pas influencée.

La simulation numérique montre que 1’augmentation brutale des fluctuations de gravité
observée 90 min apres le début de la solidification, peut produire une augmentation de 1’intensité
de la convection dans le liquide et peut provoquer la déstabilisation morphologique de I’interface
solide-liquide [A4]. Ces conclusions sont en accord avec les observations faites sur I’échantillon
apres ’attaque chimique et aussi sur le profil longitudinal de concentration mesuré dans le cristal.
Apres 1’homogénéisation du bain liquide, la solidification contrdlée recommence avec un profil
axial décrit par la loi de Scheil.

En conclusion, les résultats numériques en accord avec les résultas expérimentaux

montrent un profil axial de tipe Scheil K, =0.22 pour la distribution du soluté le long

d’échantillon solidifié¢ pendant la mission STS 78/LMS.

L’influence de la convection thermo-solutale sur les ségrégations chimiques a été étudiée
par la simulation numérique des expériences de solidification directionnelle des alliages

GalnSb dilués et concentrés (expériences GM4%, 10% et 20%).
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Dans le cas d’alliages dilués (GM4%) on trouve un régime de transport solutal de type
convectif caractérisé par des ségrégations axiales (profil Scheil) et radiales réduites dans
[’échantillon solidifié.

Dans le cas d’alliages concentrés (GM 10% et GM 20%) un fort effet d’amortissement
solutal de la convection thermique est trouvé par la simulation numérique. L’amortissement
devient effectif apres un transitoire initial qui dépend de la concentration initiale dans le liquide
et de la vitesse de croissance. Les résultats numeériques, en accord avec les mesures
expérimentales, montrent une augmentation brutale des ségrégations chimiques et de la courbure
de linterface aprés I'amortissement de |'écoulement au voisinage de l'interface. Les formules
analytiques proposées pour la description de cet effet permettent de calculer une vitesse critique
en dessous de laquelle |'amortissement de la convection peut étre évite.

Par conséquence, deux méthodes de croissance Bridgman ont été proposées dans ce
chapitre, afin d’éviter [’amortissement solutal et d’améliorer la qualité des cristaux GalnSb
concentrés : la croissance a vitesses faibles et la solidification sous champ magnétique alternatif.
Les calculs numériques ont permis | 'optimisation des expériences.

La modélisation d’une expérience de solidification Bridgman d’un alliage GalnSh
concentré en microgravité a permis d'expliquer le profil axial de concentration de type Scheil
mesuré le long de l'échantillon. La déstabilisation morphologique de l'interface, observée
expérimentalement peu aprés le début de la solidification a été pour la premiére fois
numériquement expliqué dans le cadre de cet étude, comme un effet généré par l'augmentation de

'intensité convective causé par la variation brutale des fluctuations de gravité.
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Chapitre 5 : Croissance cristalline des alliages concentrés a vitesses de tirage
faibles

5.1. Croissance cristalline Bridgman a vitesses de tirage faibles

Les formules analytiques proposées pour la description quantitative de 1’amortissement
solutal de la convection permettent de trouver une vitesse optimale de tirage en fonction de la

concentration initiale du soluté dans le bain liquide. Dans 1’expression (4.4), la vitesse critique
V< dépend de la concentration dans le liquide a I’interface C,. Pour un régime convectif C, suit
la loi de Scheil et augmente de C, a C,/K pendant la solidification. La valeur C,/K
correspond a une fraction solidifiée f5 = 0.9. Par conséquent, pour éviter I’amortissement solutal
jusqu'a la fin de la solidification, la vitesse de tirage critique doit étre calculée en utilisant

C, =C,/K dans I’expression (4.4) :

e Br fG,DK
Ve -1/9 ¢ -2/9
1.18.(1- K )RGr™"°Sc™*"°C,

(5.1)

Si on désire par exemple éviter ’amortissement de la convection pour 70% de la longueur
d’échantillon solidifiée on remplace C, par C, = C,(1—0.7)*”" dans I’expression (4.4).

Dans la Fig. 5.1, la vitesse critique est représentée en fonction de la concentration initiale
C, pour C, =C,/K . Pour des vitesses de tirage plus faibles que la vitesse critique V' <V, la
distribution solutale caractéristique pour un régime convectif est plus homogeéne par rapport au
régime diffusif. Les résultats théoriques présentés dans la Fig. 5.1 sont en accord avec les résultats
expérimentaux de Dutta [35] qui observe la méme variation V' en fonctionne de C, pour la
croissance Bridgman des alliages GalnSh . Dans la Fig.5.2, la vitesse critique de I’équation (5.1)
est comparée avec la vitesse critique qui résulte de critére de surfusion constitutionnelle (éq. 4.1) :

s o DGK

m,(1-K )C, w2)

On observe que pour éviter I’effet solutal il est nécessaire d’avoir des vitesses de tirage plus

faibles que les valeurs données par 1’équation (5.2). La dépendance D(C) pour la diffusivité

chimique (voir ’expression 4.2) a été prise en compte dans les deux équations (5.1) et (5.2).
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VT (urris)

Co (%)

Figure 5.1. Vitesse critique en fonction de la concentration initiale pour C, =C,/ K .

——V" (eq. 5.1)
==V (eq.5.2)

V" (umis)

C, (%)

Figure 5.2. Comparaison des vitesses critiques calculées par les relations (5.1) et (5.2).
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Résultats expérimentaux et numériques

Afin de valider les prédictions théoriques des paragraphes précédents nous avons effectué

des expériences de solidification a vitesses faibles et la modélisation de ces expériences.

L’expérience de solidification d’un échantillon Gags/n,,;Sb (voir la Fig. 5.3) a été

effectuée en utilisant le four Bridgman 2000 (voir la Fig.2.2). Les paramétres qui interviennent

dans cette expérience sont donnés dans le Tableau 5.1.

Tableau 5.1 Parameétres expérimentaux de l'expérience a faible vitesse.

Paramétre Symbole Value

Rayon du cristal R 0.0055 m
Rayon du creuset R, 0.0075 m
Longueur d’echantillon L 0.05m
Vitesse de tirage v 04-10°m/s
Gradient thermique axial G, 5000K /m
Température de solidification Ts 960K

La vitesse de tirage calculée par 1’expression (4.4) afin d’éviter I’amortissement solutal

pour 70% de longueur de I’échantillon solidifié est V = 0.4m /s .

Figure 5.3. Cristal de Ga,gsln, sSb obtenu a une vitesse de tirage V =0.4um/ s .
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La simulation numérique montre un effet solutal plus faible dans le cas de I’alliage

GaygsIn, sSbsolidifié a V =04um/s par rapport au alliage Ga,gln,,Sb solidifié a
V=1.1um/s (voir la Fig.5.4). La vitesse convective maximale au moment 7=8000s est
Uy =0.8:107m/spour 1’échantillon Gaygln, sSbet u,, =4-10°m/spour 1’échantillon
GaygIn,,Sb. On observe donc un régime convectif dans le cas de I’échantillon Ga,gIn,,;Sb

pour environ 70% de la solidification.

T

D e o B
ol et i T Sl R S S
et e

a) b)

Figure 5.4. Champ de vitesses dans l’échantillon au moment t = 8000s :
a) Gaygsln, sShsolidifié a V =0.4um/s (u,, =0.8-10"m/s); b) Ga,4In,,Sbh solidifié a

V=1lum/s (u, =4-10"m/s).
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Les profils axiaux de concentration en In pour les échantillons Ga,gln,,Sh et
Gaygln,,Sb sont représentés dans la Fig. 5.5. Les résultats numériques et expérimentaux
(mesurés par la technique PIXE [3]) pour I’échantillon Ga, In,,;Sb sont en accord et montrent
un profil de Scheil avec K, =0.22 caractéristique d’un régime convectif. Cet échantillon est
axialement plus homogéne que I’échantillon Ga,,/n,,Sb ou la concentration en In augmente

brusquement aprés quelques millimetres.

Profil axial de concentration en Indium
Ga,In,,Sb (V=0.4um/s): ® experimental —s—numerique~ = Scheil (K =0.22)

085 015

Ga,,ln,,Sb (V=1.1um/s) —— experimental
= : e
oY= I— y eel] fe
0.8 Il el H e o e
0.7 ]J . N
Qm 0.5 ! Jf e s
[ ; mrr.d
1 : -’
0.3 / ...... P il
R o -%-l'ﬂ-m-ﬁnlw‘
02 B4HET
0.1 ;
0.0 +——7F— - — : —
0 5 10 15 20 25 30 35

z (mm)

Figure 5.5. Profil axial de concentration pour les échantillons : Ga,gIn, sSb (expérimental,

numérique et loi de Scheil) et Ga,gIn,,Sb (expérimental).

Les ségrégations radiales sont représentées dans la Fig. 5.6. On observe des variations de

concentration radiales faibles pour 1'échantillon Ga,gs/n,,sSb(SC,, =0.2) par rapport a
I’échantillon Ga,gz/n,,Sb(5C,,, =1.0). Les résultats expérimentaux obtenus pour cet échantillon

sont comparés avec les prédictions de Kaddeche et al. [14] pour un régime convectif :
&C =1.1(1-K )Pe.Gr™'"°Sc™*"° (5.3)

ou la variation de coefficient de diffusion en fonction de la concentration a été prise en compte.
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Figure 5.6. Ségrégations radiales en fonctionne de la coordonnée axiale pour les échantillons:

GayysIn, sSb (expérimental et équation 5.3 ) et Ga,gIn,,Sb (expérimental).

En accord avec ces résultats on peut prédire des courbures faibles de I’interface pour

I’échantillon GagIn, ;Sb. En effet, la fleche de I'interface pour la solidification des alliages

concentres est donnée par la relation suivante [A3]:

fzf:r“"fc

(5:4)

ou f, est la fleche thermique et f,. est le surcreusement de 1’interface a cause de 1’effet solutal

(voir la Fig. 5.7).

Figure 5.7. Fléche thermique ( f; ) et fleche solutale ( f. ).
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[ dépend de la variation de température de solidification a I’interface (voir I’équation 3.9) :

_T,-T, _my(C,-C,)
GT GT

Je (5.5)

ou C, et C, sont respectivement les concentrations dans le liquide a I’interface au milieu et au
bord d’échantillon. En utilisant pour AC =C, —C, ’expression AC =dC-C,, ou &C est donnée

par I’expression (5.3), on obtient finalement :

f=f: +1.1-%{1—K )PeGr~"°Sc™2"°C, (1 ”% jE (5.6)

7

L’évolution de la fleche de l'interface en fonction de la coordonnée axiale zpour

I’échantillon Ga4In, ,sSb (éq. 5.6) et Ga,zIn,,Sb (valeurs expérimentales) est donnée dans la
Fig.5.8. La courbure de ’interface est faible pour I’échantillon Ga,g;/n, ;Sb .

L’analyse métallographique de cet échantillon montre une déstabilisation morphologique

de I’interface aprés 4cm de longueur solidifiée, par rapport a I’échantillon Ga,,/n,,Sb ou la

déstabilisation de ’interface intervient aprés 8mm de distance solidifié.

12 /.'
1 - ——Ga,In, Sb (V=0.4um/s) : eq.5.6
/ —e— Ga, In ,Sb (V=1.1um/s) : experimental
] S - o . 2 I
[ — /ﬂ SN S— (N —
- 1T 5
E :
£ ol /../
T 4
¢-Z/ b
2t i
0 —— . £ o L
0 5 10 15 20 25 30
z (mm)

Figure 5.8. Fléche de l'interface en fonction de la coordonnée axiale pour les échantillons:

Ga,gsIn, sSb (équation 5.6) et Ga,gzln, ,Sb (expérimental).
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5.2. Croissance cristalline Bridgman a vitesses de tirage variables

La diagramme V“(C,) de la Fig.5.1 montre qu’il est nécessaire d’utiliser des vitesses

trés faibles pour la croissance des alliages 10 —20% concentrés en /n. Par conséquent le temps
nécessaire pour la solidification des échantillons est trés long. Pour réduire le temps de
solidification, nous avons proposé une méthode de croissance Bridgman a vitesse variable [32].

En utilisant I’expression (4.4) on trouve que pour éviter I’amortissement solutal, le produit
V -C, doit étre inférieur ou égal a une valeur critique:

” BrfG, D
(FHCp )" = — e =279
1.18.(1-K )RGr~—""Sc

(5.7)

Pour maintenir cette quantité a une valeur constante V,C, au cours de la solidification, il
est nécessaire d’utiliser une vitesse de tirage variable V(7).
V(t) est la solution de 1’équation suivante :

Vit)-C,=V,-C, (5.8)
ou ¥, est la vitesse de tirage au début de la solidification (7 = 0) calculée en utilisant I’expression
(4.4) pour C, =C,.

Puisque on reste en régime convectif, la concentration C, a l’interface suit la loi de

Scheil :

V-t

C(t)=Cyf1-T2)" (59)

ou la longueur solidifié z est remplacé par V -7.

En utilisant [’expression (5.9), I’équation (5.8) devient :

oA ——V—(’f-'—’-)” (5.10)

Pour simplifier cette équation, on peut considérer 1— K = 1pour des valeurs faibles du coefficient
de partage K. Dans ce cas, la solution de 1’équation (5.10) est:
V,-L

V(=T (5.11)

Ainsi, on peut commencer le tirage a une vitesse relativement grande ¥, qui est diminuée

progressivement pendant la solidification en suivant I’expression (5.11).

62



D’autre part, la quantité VC, étant constante, le flux de masse rejeté a ’interface reste

constant au cours de la solidification en accord avec I’équation (3.11). Par conséquent la
distribution axiale de soluté sera plus homogene dans 1’échantillon solidifié.
En effet les résultats numériques présentés dans la Fig. 5.9 pour les profils axiaux de

concentration dans les échantillons Ga,zs/n,,sSb solidifiés a vitesse variable V) =0.8um/s eta
la vitesse constante V' = 0.4z4n /s montrent une distribution axiale plus homogéne pour le tirage a
vitesse variable. Les ségrégations radiales calculées montrent une valeur maximale 6C_, =0.2 et

la courbure de I’interface est faible f,,, =2mm.

0.7 +
1 Profil axial de concentration (Ga, ,In, ,,Sb)
(1)< 0 — —=— Vitesse variable (V,=0.8um/s)
i —e— Vitesse constante (V=0.4 um/s)
. — D—— TR ST S
OO
o
O

0.1 ' i . i ' : '

Figure 5.9. Profil axial numérique de concentration dans Ga,gsIn, ,;Sb solidifié a vitesse

variable V, =0.8um /s et a la vitesse constante V =0.4m/s.
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V(um/s)

La Fig.5.10 présente 1’évolution avec le temps de la vitesse de solidification et de

longueur d’échantillon solidifié, pour les tirages a vitesse constante et variable. On observe que

la

le

temps de solidification est plus faible a vitesse variable pour une longueur solidifiéz < 2.5¢m .

Ensuite, la solidification devient trés lente pour le tirage a vitesse variable.

La meilleure solution est d’utiliser une vitesse variable pour z < 2.5¢m et ensuite une

vitesse constante.

1.0 1 . : : 50
— vitesse variable (V, = 0.8um/s)
40 - ok
30 -
€
E
N 20 i W A A S L — TE———— ;
— vitesse variable |(V0 =0.8um/s)
—— vitesse constante (V = 0.4um/s
10 4 i _.. o
By ot
0 10 20 30 40 50 60 0 10 20 30 40 50
Temps (h) temps (h)
a) b)

Figure 5.10. Evolution de la vitesse de tirage (a) et de la longueur d’échantillon solidifié (b)

en fonction du temps, a vitesse variable V, =0.8um /s et vitesse constante V =0.4um/s.

Les formules proposées dans le chapitre précédent pour la description de l’amortissement

solutal de la convection permettent de calculer une vitesse optimale de la croissance en fonction

de la concentration initiale du soluté dans l'échantillon liquide. Ainsi on obtient une vitesse

V =0.4um/ s pour un échantillon Ga,gIn, ,sSb. Les analyses chimiques du cristal obtenu a cette

vitesse, en accord avec les prédictions numériques montrent des ségrégations axiales et radiales

Jaibles par rapport au échantillon Ga,gln,,Sb solidifié a V =1.1um/s. On observe d’ailleurs

une déstabilisation morphologique de l’interface seulement a la fin de la solidification.
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En conclusion, les cristaux obtenus en utilisant des vitesses de croissance faibles sont plus
homogenes de point de vue chimique que les cristaux obtenus a vitesses grandes.

Une méthode de croissance Bridgman a vitesse variable a été aussi proposée dans ce
chapitre afin de réduire le temps de solidification et d’obtenir une distribution axiale du soluté

plus homogéne dans [’échantillon.
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Chapitre 6 : Conclusions

Le but de la theése a été d’étudier I'influence de la convection thermo-solutale sur les
ségrégations chimiques lors de la solidification d’alliages semi-conducteurs concentrés sous
champ externe.

En utilisant la simulation numérique pour interpréter les résultats obtenus lors de quelques
expériences de solidification Bridgman d’alliages GalnSh concentrés et dilués, nous avons

identifié et quantifié les phénoménes physiques intervenant dans la croissance cristalline.

- L’influence de 1'état convecto-diffusif du bain liquide sur ’homogénéité chimique des alliages
dilués

L’état convecto-diffusif dans le bain liquide est caractérisé par trois régimes: le régime
diffusif, convecto-diffusif et convectif. Une analyse des mod¢les bibliographiques proposés pour
I’estimation des profils axiaux et radiaux de concentration a été effectuée dans le Chapitre 3 et
montre que les alliages dilués solidifiés en régime convectif sont plus homogenes que les alliages
obtenus en régime diffusif.

En général, il est difficile d’atteindre un régime purement diffusif (en microgravité ou sous
champ magnétique axiale trés fort) et méme dans ce cas-la, 1’alliage n’est pas homogeéne a la fois
axialement et radialement. Pour réduire les ségrégations axiales, il faut utiliser des vitesses de
tirage grandes, mais dans ce cas les ségrégations radiales augmentent.

Le régime convectif est I’état naturel pour la solidification d’alliages dilués (R = 0.5¢m) a

vitesses faibles (¥ =1um/s). Dans ce cas, la distribution axiale du soluté suit la loi de Scheil et

les ségrégations radiales sont réduites en accord avec les prédictions théoriques de la littérature.
A la suite de nos résultats et des conclusions des autres auteurs, qui ont recherché un
régime diffusif pour obtenir un matériau homogéne, nous proposons plutét de rechercher un

régime convectif afin d’obtenir un alliage homogénéisé sur une longueur conséquente.

- L’effet d’amortissement solutal de la convection thermique
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Au cours de la solidification d’alliages GalnSh concentrés, le soluté rejeté a I’interface qui
est plus dense que la matrice a une action stabilisante sur 1’écoulement d’origine thermique du
fluide. L’amortissement devient effectif aprés un transitoire qui dépend de la concentration initiale
dans le liquide et de la vitesse de tirage. A partir d’un calcul analytique, quelques formules qui
décrivent ce transitoire vers un régime diffusif ont été proposées dans [A2]. En prenant en compte
ces relations, I'effet d’amortissement solutal peut intervenir méme pour des alliages moins

concentrés (C, <10% ) solidifies rapidement (¥ >1um/s).

A la suite de cet amortissement solutal, un régime diffusif est établi dans le liquide. Par
conséquent, le soluté n’est pas homogénéisé par la convection et la variation de concentration le
long de I’interface augmente. Dans ce cas la courbure de I’interface augmente aussi a cause de la
variation de la température de solidification en fonction de la concentration. Le surcreusement de
la fleche de I’interface est décrit par une formule analytique proposée en [A3]. Notre calcul
montre qu’avant la déstabilisation la courbure de I’interface augmente progressivement.

Les résultats expérimentaux sont en accord avec les résultats numériques a condition
qu’une variation importante du coefficient de diffusion en fonction de la concentration soit prise
en compte dans le calcul numérique. On trouve une variation presque linéaire et une pente
dD/dC <0 pour des concentrations C < 50% . Une étude bibliographique sur ce sujet n’a pas

relevé des travaux de simulation numérique qui prenne en compte cette dépendance D(C) pour

GalnSb ou un autre semi-conducteur. Nous trouvons que cet effet est trés important et peut
expliquer I’augmentation brutale des ségrégations axiales et radiales, ainsi que la déstabilisation
rapide de I’interface pour les alliages trés concentrés. L’effet doit étre pris en compte dans le
critére de surfusion constitutionnel et a comme conséquence la prédiction d’une déstabilisation
plus rapide de ’interface.

Des recherches restent a développer sur I’étude de la variation du coefficient de diffusion
en fonction de la concentration pour d’autres matériaux afin de trouver une éventuelle explication

physique au niveau moléculaire pour ce phénomeéne.
- Modélisation des expériences de solidification Bridgman en microgravité

Le modéle numérique développé pour la solidification d’alliages concentrés sur terre a été

utilisé pour la modélisation d’une expérience de croissance cristalline d’un alliage GalnSh
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concentré en microgravité. Le but a été d’expliquer le profil axial de concentration mesuré
expérimentalement, qui suit la loi de Scheil pour un régime convectif.

L’analyse numérique de I’écoulement généré par les accélérations gravitationnelles
résiduelles montre un niveau de la convection qui correspond & un régime de transport solutal
convectif.

La déstabilisation morphologique de I’interface observée dans ’expérience, peu apres le
début de la solidification et qui n’avait pas été a priori expliquée, a été numériquement étudiée
dans le cadre de cette thése. A partir des résultats numériques, une explication physique de ce
phénoméne a été proposée. On a trouvé qu’une augmentation brutale des fluctuations
d’accélération gravitationnelle au cours de la solidification génére un écoulement plus fort au
voisinage de I’interface qui peut provoquer la déstabilisation de I’interface.

Une étude numérique effectuée en variant le niveau de la gravité montre qu’une
augmentation importante de la convection est nécessaire pour déstabiliser 1’interface. Comme
perspective a ce résultat, nous proposons de mener des expériences pour mettre en évidence ce
phénomeéne au niveau terrestre. L’intensité de la convection pourrait étre augmentée en appliquant
un champ magnétique alternatif au cours de la solidification d’un alliage concentré au moment ou
il y a déja une couche limite solutale en avant de I’interface. En variant I’intensité du champ
magnétique on pourrait trouver la valeur critique pour laquelle on observe la déstabilisation de

I’interface.

Deux méthodes ont été proposées dans le cadre de cette thése pour éviter I’amortissement
de I’écoulement au cours de la solidification d’alliages concentrés et pour améliorer la qualité des
cristaux :

1) la croissance Bridgman sous champ magnétique alternatif (afin d’augmenter le niveau de
la convection a des vitesses de tirage grandes);
i1) la croissance Bridgman & vitesses faibles et variables (afin d’éviter [’effet

d’amortissement solutal).
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- Solidification Bridgman sous champ magnétique alternatif

Dans le cadre de cette thése nous avons proposé d’augmenter I’intensité d’écoulement au
cours de la solidification d’alliages concentrés en utilisant un champ magnétique alternatif crée
par une bobine d’induction située autour du creuset au voisinage de I’interface.

Les parametres du champ magnétique (I'induction et la fréquence), ainsi que les
dimensions et la position de la bobine, ont été optimisés en utilisant la simulation numérique. La
résolution des équations couplées (probléme thermo-hydrodynamique et électromagnétique) a
nécessité d’introduire un module électromagnétique dans le code commercial FIDAP.

Les résultats numériques montrent qu’il est nécessaire de faire un calcul trés rigoureux des
parameétres optimaux du champ magnétique, car une variation faible au dela des valeurs optimales
peut rendre inefficace le brassage électromagnétique et I’homogénéisation du soluté.

D’autre part, on a trouvé que 1’écoulement du liquide est fort influencé par la position de la
bobine par rapport a I’interface solide-liquide. Pour I’homogénéisation du soluté au voisinage de
I’interface il faut que I’interface soit a I’extrémité basse de la bobine.

Dans ces conditions on obtient par la simulation que les ségrégations axiales, radiales et la

courbure de I’interface sont réduites méme a une vitesse de tirage de I’ordre de V' =1um/s .

Nos conclusions sont en accord avec les résultats des expériences -effectuées
ultérieurement et qui ne font pas 1’objet de cette thése. Les expériences de croissance des alliages
GalnSb concentrés sous champ magnétique alternatif montrent qu’il est difficile d’obtenir

expérimentalement les conditions optimales imposés par la simulation numérique.

- Croissance cristalline des alliages concentrés a vitesses faibles et variables

Les formules analytiques proposées pour la description quantitative de 1’amortissement
solutal de la convection permettent de trouver une vitesse optimale de tirage en fonction de la
concentration initiale du soluté dans le bain liquide. Les expériences de solidification des alliages
GalnSh concentrés a faibles vitesses de tirage montrent des ségrégations axiales et radiales
faibles par rapport aux alliages solidifies plus rapidement. On observe d’ailleurs la déstabilisation
morphologique de I’interface seulement a la fin de la solidification. En conclusion, les cristaux
obtenus en utilisant des vitesses de croissance faibles sont plus homogénes et leur qualité

structurale est améliorée par rapport aux cristaux obtenus a grandes vitesses.
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Pour des alliages concentrés & 10% ou 20%, les vitesses optimales qui résultent du
diagramme proposé dans le Chapitre 5 sont trés faibles, et par conséquent le temps de
solidification devient prohibitif. Nous avons proposé une méthode de croissance Bridgman a
vitesses variables afin de réduire le temps de solidification et les ségrégations axiales dans
I’échantillon. Dans ce cas le tirage commence a une vitesse grande qui est diminuée
progressivement pendant la solidification. Quand le temps de solidification dépasse le temps
nécessaire pour le tirage a une vitesse constante, on peut continuer le tirage a une vitesse
constante. A vitesse variable, le flux de masse rejeté a I’interface reste presque constant au cours
de la solidification. Par conséquent la distribution axiale du soluté est plus homogéne dans
I’échantillon, en accord avec les résultats numériques obtenus.

Comme perspective a ce résultat nous proposons des expériences de croissance cristalline
a vitesses variables effectuées dans le four Bridgman 2000, en utilisant des sous-programmes pour

contrdler la variation de la vitesse de tirage.

- Validation du code commercial FIDAP

L’étude numérique effectuée dans le cadre de cette thése a montré que le code commercial
FIDAP peut étre utilisé pour la modélisation de phénoménes complexes qui interviennent au cours
de la solidification Bridgman d’alliages concentrés. Pour les calculs plus complexes, comme dans
la modélisation de la solidification d’alliages concentrés sous champ magnétique alternatif, le
code a été¢ adapté en introduisant un module qui a permis la résolution du probleme
¢lectromagnétique.

L’accord entre les résultats numériques obtenus et les résultats expérimentaux a permis la
validation du code et des modéles physiques utilisés pour la modélisation.

Notre conclusion, comme utilisateurs FIDAP, est que ce code permet d’aborder une
variété des problémes complexes reliés aux phénoménes thermiques, hydrodynamiques et de

transport d’especes.

En fin de compte il apparait que la simulation numérique, éventuellement effectuée avec
des codes commerciaux, est un outil nécessaire et efficace pour interpréter les phénomeénes
physiques et comprendre les résultats expérimentaux de la croissance cristalline. Les outils ainsi

mis en place peuvent ensuite étre utilisés pour l'optimisation des procédes.

il
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solidification
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Abstract

The effect of Bridgman furnace configuration on the temperature field, melt convection and the solute distribution in
the resulting crystal are experimentally and numerically analyzed for the semiconductor diluted alloy solidification. The
governing equations of the heat and mass transfer are solved by using the finite element method with help of the
commercial software FIDAPY. Two different solidification experiments of Ga;_.InSb (x =0.01 and 0.04) are
simulated in order to compare the numerical results for thermal, velocity and solute fields. The central objective of the
work is to give the conditions for which a more uniform distribution of the solute in the crystal can be obtained. It is
found that crystals obtained in conditions of a strong convective regime in the vicinity of the solid-liquid interface are
more homogeneous radially and on a significant length than the crystals for which solidification occurred in a quasi-
diffusive regime. The results, in terms of axial and radial segregation, are compared to experimental chemical analysis.
© 2003 Elsevier Science B.V. All rights reserved.

PACS: 64.70.Dv; 07.05.Tp

Keywords: Al. Computer simulation; Al. Directional solidification; Al. Segregation; A2. Bridgman technique; B2. Semiconducting
III-V materials

1. Introduction example, in the vertical Bridgman configuration.
In this technique, the charge is molten in a crucible

The growth of III-V semiconductor crystals is and moved into a furnace which ensures the

of interest in the field of optoelectronic devices.
Directional solidification methods are the most
widely used techniques for this purpose, for

*Corresponding author. Tel.: +33-4-76-82-52-13; fax: +33-
4-76-82-52-49.
E-mail address: thierry.duffar@inpg.fr (T. Duffar).

controlled freezing of the sample. It is well known
that the solid-liquid interface curvature induces
thermosolutal convection, which has a strong
influence on the mass transfer in the melt during
the crystal growth process [1]. These crystals are
not homogeneous from the chemical point of view,
the solute concentration varying along the axial

0022-0248/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0022-0248(03)01199-0
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and radial directions. For this reason, a study of
the heat and mass transfer phenomena is necessary
in order to give the optimal conditions for the
crystallization process. Analysis of these phenom-
ena can be performed by computer numerical
simulation.

A lot of papers have been dedicated to the
vertical Bridgman growth modeling [1-3]. In a
pioneering work, Adornato and Brown [4] ex-
aminated the convection and solute segregation in
two different vertical Bridgman systems, but the
calculus is based on an idealized pseudo-steady-
state model. Some transient analysis have been
performed only for the classical three zone Bridg-
man-Stockbarger configuration [5.6]. The results
of transient modeling performed in the case of a
Bridgman furnace with a linear temperature
profile over a long section of the crucible have
been already published in a companion paper [7].
In the present paper, this simulation is repeated by
taking into account the solutal effect on the melt
convection and by using GalnSb thermal con-
ductivities given in Ref. [8]. The numerical and
experimental results obtained for this configura-
tion are compared to those obtained in the case of

crucible
melt
\l interface
famace e seed

(a)

a three zone Bridgman system. The purpose of this
analysis is to study the conditions for which
crystals with a more uniform dopant distribution
can be obtained. The numerical results for the
solute concentration in the crystals are also
compared with predictions of Scheil’s [9] and
Kaddeche’s [10] analytical models and with the
experimental data [11,12] in order to validate the
physical model and computation scheme used for
the simulation.

2. Physical model
2.1. Experimental procedure

The numerical simulations have been performed
in relation with two experimental works [11,12]. In
the first case, an GaggylnggSb alloy has been
solidified in a vertical Bridgman configuration
which ensures a constant thermal gradient along
the crucible wall. The furnace consists in one single
tapered heating element made from graphite (see
Fig. 1). This is included in a set of Bridgman
vertical (BV) experiments performed by Barat [11]

top surface

crucible

solid-liquid
interface

solid

bottom surface
(b)

Fig. |. Schematic description of the BV experiment: (a) vertical Bridgman Furnace with one single heating element; (b) domain of

simulation and deformed mesh with 998 elements.
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and devoted to study the effect of thermal
convection on chemical segregation. In order to
get a full description of the solidification process, a
number of measurements have been carried out
during and after the experiment. Then, the
temperature measurements performed with a
thermocouple moved along the axis of a solid
sample mockup, show a constant value of thermal
gradient (Gt = 50 K/cm). During solidification,
the solid-liquid interface curvature has been
marked by adding a small quantity of Te(5 x
10'8 at/cm®) in the sample. When the pulling of the
crucible is interrupted for a reduced interval of
time, the impurity atoms of Te are trapped at the
interface. Then, the solid-liquid interface can be
visualized after cutting, polishing and chemical
etching of the crystal. Finally, concentration of
solute in the crystal on the axial and radial
directions has been analyzed by SIMS method.
Another set of experiments about GalnSb
solidification in a classical Bridgman—Stockbarger
configuration with two heating elements and an
adiabatic zone has been performed under terres-
trial gravity field and under microgravity condi-
tions with the aim to study the convective effect on

heat diffuser

feed

| —1 crucible (BN)

adiabatic zone

seed

cooling zone

(a)

the chemical segregation [12]. One experimental
work about GagoglnggsSb crystallization under
terrestrial conditions (Ground Model, GM) has
been chosen for the numerical simulation per-
formed in the present study. The schematic
diagram of the furnace used in this experiment is
shown in Fig. 2. In order to study the crucible-
sample interactions, two crucibles made of boron
nitride (BN) and silica (Si0,) respectively, have
been used [13]. The present study is restricted to
the BN part, where the thermal field around the
crucible was measured with a set of five thermo-
couples. The interface curvature and velocity were
investigated by applying electrical pulses- to the
sample (Peltier effect). The crystals were cut and
polished, then the chemical composition was
measured by the electron microprobe method.

The growth parameters of both experiments are
summarized in Table 1.

2.2. Governing equations and numerical model
The calculation area is reduced to the sample-

crucible system (see Figs. 1 and 2b). Numerical
simulations have been performed for a 2D-

interface

solid

(b)

Fig. 2. Schematic description of the GM experiment: (a) vertical Bridgman system with a three-zone furnace. (b) Sample mesh with

4320 elements and thermocouples position.
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Table 1

Experiment Sample radius R Crucible radius Crucible length L Pulling rate " (m/  Thermal gradient
(m) Re(m) (m) s) Gr (K/m)

BV 0.005 0.006 0.05 7x107° 5000

GM 0.006 0.008 0.215 1.1x107° 6000

axisymmetric domain close to real growth condi-
tions. The physical properties used in our calcula-
tions are listed in Table 2.

The equations which describe the heat and mass
transfer phenomena during the crystallization process
are expressed in the non-dimensional form as follows:

Continuity equation:

Vit =0 )

Momentum equation:
g4 * *

VGr aaf‘ LAV | = -Vp+V2

!

it —v/Gr(T + Bc C)2,. ?)

Heat transfer equation:
a T * * *
GrPr = +#VT|=VT. (3)

t

Solute transport equation:
a C - *
N +uVC=

t

] 2 b
EV C, 4)

where the Grashof, Prandtl and Peclet numbers
are defined by

2 3
_ P*PrATgR Hee =-LE. )

Pr=——
g v g D

The Boussinesq approximation is applied to the
density change in the above equations.

The coordinate x;, time ¢, pressure p, velocity u,
temperature 7' and solute concentration C are
non-dimensionalized as follows:

Gr

t =tU/R, x;=xi/R, u=u/U,p

=pR/pU, T=(T - T¢)/(Tu — T¢), C=C/Cy,

where 7¢ and Ty are the bottom and top
temperatures and Cj is the initial solute concen-
tration in the melt.

The characteristic velocity of the melt convec-
tion is given by

U = /BrAT4R

and the non-dimensional solutal expansion coeffi-
cient by

f}C = Bc/(BrAT),

where AT = Ty — Tc.

The thermal boundary conditions are imposed
in a different manner for the BV and GM
experiments. Numerical simulation of heat and
mass transfer for the BV experiment has already
been performed by Ardonato and Brown (the
“Grenoble furnace” in Ref [4]). They imposed a
linear temperature profile along the crucible wall,
in agreement with the special design of this
furnace. However further numerical simulation,
concerning the solid-liquid interface curvature
[7.11,14], have shown that the numerical results
compare better with the measured curvature when
an adiabatic condition is applied along the crucible
wall. Since this curvature is directly controlling the
convective level in the melt, it is thus approach
that has been used here.

So the boundary conditions for the temperature
are imposed on the upper and lower surfaces as
follows:

Tet) = Te(t = 0) — Gsl/AT,

Ta(t) = Tult = 0) — GLI/AT,
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Table 2
Physical properties of GalnSb and BN
Densit
? ps = 5.6 x 10° kgm™?
pL = 6.06 x 10° kgm™
pc=19x%10"kgm™
Specific heat

eps =03 x 108 Tkg ' K™

ep =033 100 T kg ' K™

epc = 1.85x 10° Tkg™' K~

Thermal conductivity ke — T8 Wm-' K-
s = /. m

b =17.1Wm~' K~

ke =30Wm™' K-

Heat of fusion
AH =3.13531 x 10° JKg™!

Thermal expansion coefficient
= Br=107K!

Solutal expansion coefficient " 1
fe =8 x 107*% mol™

Viscosity of melt 5 |
p=22x10"kgm™"'s™!

Diffusion coefficient T
DL=12x10"%m’s™!

Ds=12x10"m?>s!

Segregation coefficient
K=02

Meltin int
ShE Ts = 979K

Gs and Gp are respectively the axial thermal
gradients in the solid and the liquid, which are
carried out from a steady-state simulation, and / =
V't is the crucible translation length at time ¢.

A no-flux condition is imposed on the external
crucible wall and on the centerline of the system:

o8 e of| =
0r f; s or |;_

In the case of the GM experiment, the values of
temperatures measured versus time by 5 thermo-
couples (7'y—T5s) situated around the crucible are
imposed on his external surface. At a given
moment, the temperature profile on the crucible
wall is described by the following function:

T(z)=Tc+ l{TH - Tc)[l +erf (ZGTi)] s
2 Ty —Tc

where the thermal gradient Gt and the deflection
point of the curve z; are obtained by fitting the
temperatures measured by thermocouples, which
have been plotted in Fig. 3. For the transient
analysis a linear interpolation between two succes-
sive temperature measurements is applied.

The temperatures on the top and bottom of the
sample are equilibrated with the crucible wall
temperature at the same axial location.

The energy and solute balance at the solid-
liquid interface are given by

(ﬁv Ty ¥ T|L)ﬁ = psVA,

kL
1 T T T T
1200 « t=0h
r P * |=2h
1100 | . . * i=4h
| . s
- —
10m i & - * - hﬂ]h
s . R
— 900F = .
¥ L - -
[ = .
800 .
. -
i -
TOOF
L -
-
b il L i i 15
0.0 1.5 30 45 6.0
z(em)

Fig. 3. Time evolution of temperature measured by thermo-
couples (T} — Ts) on the external surface of the BN crucible for
the GM experiment.
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pr 1.8 1 Dg_*
— (&
(ps P@]__v C|L PeSD]_v ls)

n=(1-K)VC,

where A = RAH /(kiAT) is a dimensionless quan-
tity which includes the latent heat of fusion (AH),

V' =V/U is the interface velocity scaled by the

characteristic velocity U and Cj is the dimension-
less concentration of solute in the melt at the
interface.

The no-slip and no-penetration boundary con-
ditions on the velocity and solute field at the
crucible wall are respectively:

=0,

ac| _ac| _ac| _,

o l. ol o .
r=1 “lz=L/R r=0

It should be noted that the calculations, though
taking into account solutal convection, do not
include the variation of melting temperature with
concentration, then are applicable only to the case
of dilute alloys.

The set of equations (1)-(4) is solved by the finite
element method using the commercial software
FIDAP®. This code is specialized in the analysis of
the viscous fluid flow including the effect of heat
and mass transfer. The mesh contains quadrilat-
erals elements and the density of nodes is increased
in the vicinity of the solid-liquid interface (see Figs.
Ib and 2b). The moving solid-liquid boundary
problem is modeled by using the free-surface
method. This technique involves a deforming
spatial mesh were nodes located on the solid-liquid
interface are allowed to move such that they remain
on this boundary. The deplacement of the solid-
liquid interface can be computed based on the heat
balance across this surface.

3. Results and discussion
The evolution of the temperature, flow field and

solute segregation during the growth process are
studied for both BV and GM experiments. The

initial condition used for the transient simulation
consists in a steady-state solution obtained in the
conditions of a fixed crucible position. The
numerical results for the thermal, velocity and
solute fields are shown in Figs. 4 and 5.

In the case of the BV experiment, the thermal
field is characterized by nearly flat isotherms in the
melt and crystal excepts in the vicinity of the solid—
liquid interface, where a radial temperature
gradient exists due to difference in thermal
conductivities of the liquid and solid (see Fig. 4).
The maximum value of the solid-liquid interface
deflection obtained from the simulation, [ =
0.8 mm is in good agreement with the experimental
value (fexp = | mm) measured by Barat, [11]. This
leads to one toroidal cell structure of the fluid flow.
The cell is positioned near the solid-liquid inter-
face and characterized by a counterclockwise
circulation of the fluid, which rises at the centerline
and goes down along the crucible wall. The

AN

—_——
T —— ]
M —— ]
e —

(a) (b) (c)

Fig. 4. Numerical results for the BV experiment at time
t=500s: (a) thermal field (temperature difference between
two consecutive isotherms AT = 10K). (b) Velocity field
(maximum velocity U = 107 m/s). (c) Solute field in the melt
(concentration difference between two consecutive iso-concen-
tration lines AC=0.001 mol fraction).
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Fig. 5. Numerical results for GM experiment at time
t =3000s: (a) thermal field (temperature difference between
two consecutive isotherms AT = 12K). (b) Velocity field
(maximum velocity tima = 107* m/s). (c) Solute field in the melt
(maximum plotted C at the solid-liquid interface
C=0.0129 mol fraction).

maximum value of the velocity field is tmax =
10> m/s. The solute field is distorted by the
convection and the concentration increases on the
symmetry axis (see Fig. 4c).

The results for temperature, velocity and solute
distribution in the case of the GM experiment
restricted to the growth in BN crucible, are
presented in Fig. 5. The thermal field is character-
ized by radial temperature gradients higher than in

C. Stelian et al. | Journal of Crystal Growth 255 (2003) 40-51

the BV experiment. The computed value of the
interface deflection, f = 1.3mm, is less than, but
comparable to the maximum experimental value
Jexp = 1.75mm. This is explained by the depen-
dence of the melting temperature on the composi-
tion, which leads to a slighter more curved solid—-
liquid interfaces if some radial segregation exists.
In our simulation the dependence of the melting
temperature on the solute composition has been
neglected. The concavity of the isotherms is
changed in the upper zone of the crucible, where
they become convex. This temperature distribution
in the melt influences the flow field, which is
characterized by two cells. The lower cell appears
near the solid-liquid interface and is driven by the
radial temperature gradient. The melt circulates in
the counterclockwise direction, with the maximum
velocity on the symmetry axis #mpax = 5 X
10~*m/s. The upper flow cell is positioned in the
region where the isotherms are convex and is in the
opposite direction than the lower one. This flow
structure produces a InSb concentration field in
the melt as shown in Fig. 5c.

A long transient of the growth rate, caused by
the thermal coupling between the furnace and the
sample and by the latent heat generated by
solidification, was observed in the BV experiment
[7]. This transient is shorter in the GM experiment
as shown by the numerical and experimental
results. The growth rate transient will influence
the solute distribution in the melt and in the crystal
as it is shown in the following paragraph.

Fig. 6 shows the axial distribution of the solute
in the melt obtained in the simulations performed
for the BV and GM experiments. In the case of the
GM experiment, an intermediate plateau is ob-
served near the solid-liquid interface, where the
lower convective loop has the maximum intensity
(see Fig. 6b). It is clear that the strong mixing in
this region produces a homogenization of the
concentration field. This plateau does not appear
for the BV experiment, where the flow weakly
mixes the solute rejected at the interface (see Fig.
6a). Our transient analysis shows that a complete
mixing of the solute in the vicinity of the interface
is not possible when a fast solidification occurs
(V' =7um/s). This explains the diffusive be-
havior of the axial concentration profile obtained
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Fig. 6. Comparison of the axial distribution of the solute in the melt: (a) BV experiment at time ¢ = 1000s. (b) GM experiment at time
1= 3000s.

in Fig. 6a. Unfortunately, the weak mixing of the It is shown that the intensity of convection has a
solute during the solidification process leads to an strong effect on the solute distribution in the melt.
increase of the radial variation of the In concen- The quantity, which describes the importance of

tration in the sample. diffusion and convection on mass transport in the
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melt, is the convecto-diffusive parameter 4 defined
as

4=— (6)

where & is the thickness of the solute boundary
layer at the solid-liquid interface calculated by
using Wilson’s model [15]. When the value of the
parameter 4 is close to 1, the solute transport is
principally diffusive and when this value vanishes,
a convection-controlled transport occurs in the
melt. The intermediate values, between 0 and 1,
show a convecto-diffusive regime. A scaling law

has been identified by Kaddeche [10] in terms of 4:
A = 13.2Pe(GrexSc) ™3, 7N

where Grer = (f/R)Gr is the effective Grashof
number. So, by using the Kaddeche’s formula, the
transport regime that occurs in the melt can be
identified.

The axial distribution of InSb in the crystals is
presented in Fig. 7. In the case of the BV (Fig. 7a)
experiment an increase of the solute concentration
for the first third solidified length of the sample is
observed, which corresponds to a quasi-diffusive
regime in the melt. The analytical model of
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Fig. 7. (a) Dimensionless InSb concentration along the symmetry axis in the case of the BV experiment. Comparison of numerical
results and experimental data [11]. (b) Dimensionless InSb concentration along the symmetry axis in the case of GM experiment.
Comparison of numerical results, experimental data [[2] and theoretical Scheil equation of full mixing (K. = 0.22).
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Kaddeche [10] leads to the same conclusion, as the
value of 4 computed by (7) is 4gy = 0.8. In our
case, a quasi-diffusive regime occurs in the melt
even for the conditions of a fluid flow described by
an effective Grashof number Gr.;=~4500. This is
explained by the higher value of the rate employed
for growth in this experiment (¥ = 7 um/s), which
increases the Pe number in Kaddeche’s formula
(see Eq. (7).

The experimental axial profile of the solute
given by Barat [11] shows also an increase of In
concentration over the first 10 mm of the growth
by more than a factor of 3. This is in agreement
with the simulation and also suggests a quasi-
diffusive regime in the melt. The oscillations
observed in the experimental data might be
explained by a possible misalignment between the
crucible z-axis and the gravitational acceleration
during this experiment. This hypothesis is con-
firmed by the radial profile of the solute measured
by Barat [I1], which shows that the maximum
concentration of In is obtained somewhat on the
left of the sample axis.

Fig. 7b shows the axial solute profile in the
crystal for the GM experiment. A more uniform
solute distribution for the first one-third solidified
length is observed, which is very close to the Scheil
[9] limit of the axial segregation caused by a
complete mixing regime in the melt. This is in

accordance with Kaddeche’s formula, which leads
to a lower value of the convecto-diffusive para-
meter: Agy = 0.13. By using Wilson’s definition
for the boundary layer thickness [15], the effective
segregation coefficient can be computed by

K

R =1——o2

(8)
where K is the equilibrium segregation coefficient.
Eq. (8) gives K.y = 0.22 for our particular case. In

the limit of an intense mixing, K. approaches X in
the Scheil formula [9]:

) Rl ©)

Cs/Co=Kar(1 -7

Relation (9) is represented by the solid curve in
Fig. 7b. A good agreement with the experimental
values of the solute concentration is observed.

The numerical results show a steeper increase of
the dopant concentration over the first 10 mm of
the growth. This may be caused by the difference
obtained for the computed interface deflection f =
1.3 mm as compared with the experimental value
Jexp = 1.75 mm, which means that a more intense
flow and solute mixing occur in the melt. This
discrepancy in interface curvature is must prob-
ably due to the fact that the numerical simulation
does not take into account the effect of concentra-
tion on melting temperature.
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Fig. 8. Radial segregation as function of solidified length.
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The radial non-uniformity of the concentration
field is described by the radial segregation 6C as
follows:

szlx - Cmin
Cay :

where Cpax, Cmin and C,, are respectively the
maximum, minimum and radially averaged inter-
facial concentration. The numerical results for
radial segregation are plotted versus the solidified
length in Fig. 8. As is shown in Fig. 8a, C rises to
over 0.4 for the BV experiment. From this result it
is clear that the growth rate transient detected in
this experiment causes an increase of the radial
segregation during the solidification process. This
effect has been also observed in the experimental
analysis performed by Barat [11], where the
maximum value measured for the radial segrega-
tion was 6C = 0.6.

A reduced radial segregation has been detected in
the GM experiment. This is explained by the strong
mixing of the solute close to the solid-liquid
interface. The average value of the radial segregation
given from the simulation 6C=0.09, is in excellent
agreement with the value computed by using the
scaling law proposed by Kaddeche [10] for 6C:

6C = L1(1 — K)PeGrz”°Sc™2P°, (11)

6C = (10)

which leads to value 6C=0.1 in our case. These
results are also in accordance with the experi-
mental data given by Duhanian [12].

4. Conclusions

From the numerical simulation it is shown that
the solute distribution in the crystals is strongly
influenced by both the furnace and crucible design
and by growth parameters such as the pulling rate
of crucible. The modeling performed for two
experiments of Ga;_.In,.Sb(x =10.01 and 0.04)
directional solidification gives different structures
of flow pattern, temperature and concentration
fields.

The vertical Bridgman system, which uses one
single heating element, leads to one flow cell in the
vicinity of the solid—liquid interface. The flow is
driven by the radial thermal gradient caused by the

differences in thermal conductivities of melt,
crystal and crucible. The solute regime is quasi-
diffusive and gives a developed boundary layer in
the liquid and an initial transient in the solid. As
shown in other experiments [11], this is likely to
give a longitudinally homogeneous sample after
the initial transient. But this is paid by a large
radial segregation due to the interaction between
the local flow field and the solutal boundary layer.

The classical three zone Bridgman configuration
leads to a thermal field characterized by greater
radial temperature gradients in the sample. The
isotherms are concave in the region of the solid—
liquid interface and become convex at the junction
of the adiabatic and hot zone of furnace. This
leads to a two-cell flow structure in the melt. The
fluid velocity in the lower cell is greater than in the
single heating element configuration. This has a
strong influence on the solute distribution in the
melt. The solutal boundary layer is deformed, with
an intermediate plateau showing an internal
homogenization. This leads to a relatively homo-
geneous radial composition, but, as the whole melt
is homogenized by convection, the longitudinal
segregation is close to a Scheil law.

In conclusion, the axial segregation appears to
be convection-controlled in the GM experiment
and diffusion-controlled in BV experiment. These
numerical and experimental results show that the
crystals obtained in the conditions of a convection-
controlled regime are more homogeneous radially
and on a significant length than the crystals
obtained when the solidification occurs in the
quasi-diffusive regime.

Another parameter, which influences the solute
field, is the growth rate. In the case of the GM
experiment, the pulling rate is lower than for the
BV experiment. According to Kaddeche’s formula
(Eq. (7)), a lower growth rate leads to a stronger
interaction with convection and to a decrease of
the solute boundary layer, then a complete mixing
regime can occur in the melt.

On the numerical point of view it is important
to note that the numerical simulations have
been performed with commercial software, then
showing the capability of these tools to solve
quite complicated problems in crystal growth.
Further developments of this study will include
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the effect of concentration on the melting tem-
perature.
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Abstract

Thermosolutal convection during vertical Bridgman directional solidification of Ga,_,In,Sb alloys has been studied
by numerical simulation. The transient analysis of heat, momentum and species transport has been performed by using
the finite element code FIDAP®. In the case of vertical Bridgman configuration, the thermal convection is driven by the
radial temperature gradients. The solute (InSb) rejected at the solid-liquid interface, which is heavier than the GaSb
component, damps the thermally driven convection. The solutal effect on the melt convection has been analyzed for low
(x =0.01) and high (x=0.1) doped Ga,_,In,Sb alloys. It is found that the damping effect is negligible for
Gaggolngo;Sb alloy grown at low pulling rates (¥ = 1 um/s), but cannot be neglected if the pulling rate is increased. In
the case of concentrated alloys, the low level of convection intensity leads to an increase of radial segregation and
interface curvature during the whole growth process as also shown by experiments. The effect of solutal buoyancy force
on the melt convection is analyzed for the horizontal Bridgman configuration under microgravity conditions. An
inverse but lower solutal effect on the melt convection, as compared with vertical Bridgman arrangement, is observed.
The results are in good agreement with the experimental data, and show that convective transport can be observed even
for low (2 x 107%gy) residual gravity levels.

(© 2004 Elsevier B.V. All rights reserved.

PACS: 64.70.Dv; 07.05.Tp

Keywords: Al. Computer simulation; Al. Segregation; A2. Bridgman technique; A2. Microgravity conditions; B2. Semiconducting
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1. Introduction

Directional solidification of ITI-V semiconduct-
ing alloys by vertical Bridgman method is widely
used in many industrial processes for electronic

*Corresponding author. Tel.: +33-4-7682-5213; fax: +33-4-
7682-5249,
E-mail address: thierry.duffar@inpg.fr (T. Duffar).

materials. During the crystal growth, the melt
convection is driven by both the thermal and
solutal gradients. The radial temperature gradient
that appears at the vicinity of the solid-liquid
interface induces a natural convection, which
influences the solute distribution in this region.
The resulting solute gradient influences the ther-
mally driven convection and flow intensity can be
reduced or increased.

0022-0248/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jerysgro.2004.02.045



C. Stelian, T. Duffar | Journal of Crystal Growth 266 (2004) 190199 191

Steady-state and transient simulations of solutal
effect on the melt convection have been performed
by Kim and Brown [1,2] for Hg,¢Cdg-Te alloy.
From the transient modeling, it is found that the
thermal convection is damped because the lighter
CdTe is preferentially incorporated into the crystal
and the heavier HgTe, which is accumulated near
the interface and stabilizes the density gradient in
this region. After the damping of convection, a
diffusion-controlled transport regime is estab-
lished in the melt, which leads to an increase of
radial segregation at the interface. In addition,
because of the dependence of melting temperature
on the interface composition, as dictated by
liquidus curve, the interface deflection increases
significantly at the beginning of growth, then
reaches a steady state. However, experimental
works on the solidification of concentrated
Ga;_,In,Sb alloys have shown a different evolu-
tion of the radial segregation and interface
curvature, which continuously increase during
the whole growth process [3].

The solute effect on the melt convection has
been also numerically analyzed for the horizontal
Bridgman configuration [4], but the thermal
problem was not taken into account and the
domain of simulation was reduced to a rectangular
cavity with a planar crystal-melt interface.

From the existing literature, it is found that the
solutal effect on the melt convection has been also
taken into account for concentrated semiconduc-
tor alloys in Refs. [5,6], but it is usually neglected
for the low doped alloys.

In the present paper, the thermosolutal convec-
tion is numerically investigated in relation with
experimental works on Bridgman solidification of
low and highly doped Ga,_,In,Sb alloys under
terrestrial and microgravity conditions. The influ-
ence of the solute rejected at the interface on the
melt convection is analyzed for low doped alloys
(x =0.01) solidified at high growth rates and
compared with the solutal effect in the case of
concentrated alloys (x=0.1) solidified at
V=1 um/s rate.

A fully numerical transient simulation taking
into account the thermal, hydrodynamic and
chemical phenomena is performed for the concen-
trated Ga,_,In,Sb alloy solidification under mi-

crogravity conditions in order to explain the
unexpected Scheil’s axial profile of In concentra-
tion for the flight sample obtained during STS 78/
LMS mission [7].

2. Numerical modeling of vertical Bridgman
configuration

2.1. Model

The heat, momentum and solute transport
equations written in the dimensionless form with
Boussinesq approximation are solved by using the
finite element software FIDAP®. The computa-
tion of temperature, flow and concentration fields
is performed for an axisymmetric domain which
contains the sample—crucible system. The free-
surface technique is employed in order to compute
the shape and the position of the solid-liquid
interface during solidification. A detailed descrip-
tion of the physical and numerical model used for
the Bridgman solidification of Ga,_,In,Sb is given
in Ref. [8]. This model is developed in the present
paper by taking into account the solute effect on
the melt convection. The solute effect is imple-
mented in the simulation by taking into account
the solute expansion term in the density formula:

p = poll = Br(T — To) + c(C — Co)] (1

where B is the thermal expansion coefficient
(Br = 1074 K™"), B¢ the solutal expansion coeffi-
cient (B =8 x 10~*mol% ") and po the density
at temperature 7y and concentration C.

Because the InSb rejected at the solid-liquid
interface is heavier than GaSb, the solutal and
thermal terms in Eq. (1) have opposite signs.
Therefore, it is expected that the thermally driven
convection will be damped by solutal effect.

The dependency of the melting point on the
solute concentration given by the liquidus curve on
the GalnSb phase diagram [9] has been also taken
into account in the simulation. In the present
analysis, the liquidus curve is approximated by a
straight line with the slope my:

TU(C) =T) —my x G (2)
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where 77 is the melting point of GaSb and Cj the
solute concentration in the liquid at the interface.

The modeling is performed by using the growth
conditions of some experimental works on Bridg-
man solidification of low and highly doped
GalnSb alloys [3]. The boron nitride crucible is
pulled at the velocity V along the z-axis of a
furnace with two heating elements and an adia-
batic zone. The Ga|_,In.Sb sample dimensions
are radius R = 0.6cm, length L = 6cm, and the
thickness of the crucible is e = 2mm. The axial
temperature gradient in the adiabatic zone is
Gr=60K/cm. The temperature distribution
around the crucible, measured versus time by
thermocouples during the experiments [3], has
been fitted by using an error function and
introduced as thermal boundary condition on the
crucible wall. The resulting temperature field in the
sample and thermally driven convection in the
melt are presented in Fig. 1. It can be observed
that the isotherms are curved in the region of the
solid—liquid interface because of the mismatch
between the thermal conductivities of the melt,
crystal and crucible. The isotherm concavity
changes in the upper part of the crucible, close to
the edge between the adiabatic and the hot zone
(see Fig. la). This leads to a thermally driven
convection characterized by two flow cells which
rotate in opposite directions (see Fig. 1b). The
results presented in Fig. 1 are carried out from a
steady-state computation and used as initial
conditions for the transient modeling.

2.2. Thermal convection damping

The purpose of this analysis is to compare the
solutal effect on the melt convection for the low
x=0.01 and high x=0.1 doped alloys. The
results of transient computation for the flow and
solute fields in the case of low doped GagggInggSb
alloy solidified at ¥ =4um/s are shown in
Fig. 2a.

The time needed to establish the small solutal
boundary layer can be estimated to r=600s
following the analysis described in Ref. [10]. This
corresponds to our numerical simulation and the
results in Fig. 2 are presented after this transient.
At the beginning of the solidification (¢ = 625s),
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Fig. 1. Numerical results for vertical Bridgman solidification of
GalnSb: (a) thermal field in the sample and crucible; (b)
thermally driven convection in the melt (tmay = 107° m/s).

the convection is intense with a maximum velocity
Umax = 107> m/s on the symmetry axis of the
sample.

The flow cell situated close to the solid—liquid
interface has a greater intensity than the upper one
and influences the solute distribution in this zone.
The fluid rises at the symmetry axis and descends
along the crucible wall. The solute field is distorted
by convection and the InSb concentration is higher
on the symmetry axis than close to the crucible
wall. The solute radial gradient that appears close
to the interface reduces the density gradient
produced by the radial temperature variations
and thermally driven convection is damped. As
is shown in Fig. 2a, the maximum of the
convective intensity moves toward the crucible
wall and decreases significantly with time:
sy = T % 107*m/s at 1 =3750 5 and wyge =9 %
10~ m/s at t = 5625s. :

The same damping effect is observed for
a highly doped Gagglng,Sb alloy solidified at
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Fig. 2. Evolution of flow field and iso-concentration lines for: (a) GaggsIngg;Sb alloy solidified at ¥V =4 pm/s (umax = 10-3 m/s,
Crnax = 11.6% at time ¢ = 6255 and umax = 9 % 1075 m/s,Crax = 45.5% at time ¢ = 56255); (b) Gagylng,Sb alloy solidified at ¥ =
1 pm/s (tmax = 9 % 107" m/s,Cpax = 10.14% at time ¢ = 6255 and e = 9.8 x 1075 m/s, Cpax = 13.7% at time ¢ = 7250 s).

V=1pm/s (see Fig. 2b). In this case, the at time r = 7250s. However for a Gaggglngp Sb
maximum velocity decreases from upax = 9% alloy solidified at 1 pm/s, no solutal damping effect
10~*m/s at time t=6255 t0 Upax =9.8 x 10~ m/s is found.
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So, from the numerical modeling, the same
solutal damping effect on thermally driven con-
vection is observed for low doped alloys solidified
at fast rates or for highly doped alloys solidified at
a lower rate.

Indeed, the radial variation of solute con-
centration at the  solid-liquid interface
(AC = Ciax — Chin) depends on the initial con-
centration in the melt Cy and also on the growth
rate V. This dependency is shown by Coriell’s
formula for a purely diffusive transport in the melt

[11]:
AC = Cy(l —K)fg (3)

and also by the scaling laws proposed by
Kaddeche et al. [12] for the quasi-diffusive and
well-mixed state, respectively:

AC = 0.64 x 107> Cyy(1 — K)Pe Gr S, (4)

AC = 1.1Cyw(1 — K)Pe Gr='1? §¢=2/P°, (5)

In the above expressions f is the interface
deflection measured on the axis, Cy the initial
concentration of the solute in the melt, C,, the
average value of interfacial concentration which
depends on Cy, K the segregation coefficient and
the Peclet, Grashof and Schmidt dimensionless
numbers are defined by

2prATgR VR v
:p,,ping_’ Pe=—, Se=r. (6)
So, during the solidification process, same values
of AC can be obtained for low doped alloys grown
at fast rates or for highly doped alloys grown at a
lower rate.

A critical value for the growth rate V* for
which the solutal effect on the melt convection
must be considered is derived from Eq. (1). The
thermosolutal effect becomes significant when the
thermal and solutal source terms in the momentum
equation have the same order of magnitude:

Br(T — To)=pc(C — Co). )

For a vertical Bridgman configuration the fluid
flow in the region of the interface is driven by the
radial temperature variation, which is given by

AT = fGi, (8)

Gr

where G is the axial temperature gradient in the
liquid at the solid-liquid interface.

The solutal source term depends on the radial
variation of the solute concentration. The formula
used for the radial difference AC depends on the
transport regime in the melt: Coriell’'s formula
Eq. (3) which describes a diffusive regime and
Kaddeche’s formulas (Egs.(4) and (5)) for a
convecto-diffusive and well-mixed regime, respec-
tively.

In the case of a diffusion-controlled regime in
the melt, by introducing expressions (3) and (8) in
Eq. (7), a simple formula is obtained for the
critical value of the growth rate leading to a
significant solutal effect:

ﬁTGLD
Ve = ———
Be(l — K)Co
For a convecto-diffusive regime, by using
relations (4) and (8), Eq. (7) gives
B Dv?
~0.64 x 1073 B(1 — K)gR4Cyy

®

VCI'

(10)

C,v 1s the average solute concentration in the melt
at the interface, which varies during the solidifica-
tion between Cy and Cy/K.yr, where the effective
segregation coefficient is given by Kyr = K/(1 —
(1 — K)A).

In the case of a well-mixed regime, from
Egs. (5), (8) and (7), it is found

Vcr - ﬂTfGLD
1.1Bc(1 — K)RGr—PSc-2Cy,

(1D

with C,, following Scheil’s law.

The thermosolutal effect must be considered for
V=V*. For the present problem, in the case of
concentrated alloy (Cp = 10%), Kaddeche’s [12]
formula for the convecto-diffusive parameter, A =
13.2Pe(Gr S¢)~"/?, gives A=0.1, which corre-
sponds to a well-mixed regime in the melt. From
Eq.(11) with a growth rate V' =1pum/s, the
solutal effect becomes effective after a solidified
fraction fs=0.22 which corresponds to a time of
t=5600s, in agreement with our simulation.

In the case of low doped alloy (Cy = 1%), the
convecto-diffusive parameter computed from
Kaddeche’s formula, A=0.6, corresponds to a
convecto-diffusive regime in the melt. But, the
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solutal effect, even small, leads to a decrease of the
convection intensity and a transition to a diffusive
regime is observed during the solidification. So, in
this case, if relation (9) is used, a critical value of
the growth rate V" ~4.2 uym/s is obtained, which
is in agreement with our simulation.

2.3. Radial segregation and interface curvature

Therefore, the solutal effect is not necessarily
negligible in the case of low doped alloys solidified
at high pulling rates. From the transient modeling
it is found that the damping of the melt convection
leads to an increase of radial segregations. The
crystals grown in these conditions are character-
ized by large chemical heterogeneities in agreement
with experiments on GaggglnggSb grown at V' =
7um/s (AC increases to 0.6 mol%) [13].

In the case of the concentrated alloys, the
intensity of the convection in the vicinity of the
interface decreases from tmax = 1072 to 10~ m/s
(see Fig. 2b). Because of the poor mixing of the
solute at the interface, the radial segregation
(8C = AC/C,y) increases when the intensity of
convection decreases (see Fig. 3a). At time ¢ =
7250 s, the low level of convection indicates that a
diffusive controlled regime is established in the
melt. In this case, the iso-concentration lines
become almost flat and the radial variation of
the solute concentration depends only on the
interface deflection. In addition, because of the
melting point dependency on the interface compo-
sition (see Eq. (2)), the solidification temperature
at the symmetry axis decreases more than close to
the crucible wall, and this leads to an increase of
the interface curvature. So after the time 7=
7250s, the increase of the radial segregation is
explained by the increase of the interface deflec-
tion.

The numerical results which show the evolution
of the interface shape for a fraction solidified
fs=0.22 in the case of the Gagylng,Sb alloy
are presented in Fig. 3b. The transient simula-
tion shows a significant increase of the radial
segregation and interface curvature all along the
solidification process of Ga;_.In.Sb (x = 0.1
and 0.2) alloy, as is also observed during the
experiments [3].
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Fig. 3. Evolution of the radial segregation as a function of
maximum convective velocity (Gagglng;Sb). Evolution of
interface deflection as a function of solidified length
(GagoIng, Sh).

3. Horizontal Bridgman solidification under
microgravity conditions

In this paragraph, the solutal effect on the melt
convection is investigated in order to explain the
typical Scheil’s axial segregation profile obtained
for the Bridgman solidification of a concentrated
Ga|_,In,Sb sample during the LMS Spacelab
mission [7]. The experimental setup contains two
crucibles made of boron nitride and silica, which
have been used to study the crucible sample
interactions. In the present paper, the simulation
is restricted to the boron nitride part (sample
diameter H = 12 mm, sample length L = 60 mm
and crucible thickness e =2mm). The axial
temperature gradient in the adiabatic zone of the
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furnace is Gy=60K /cm, and the pulling rate is
V = 1.2 pm/s. The temperature profile around the
crucible wall, measured by thermocouples during
the solidification is used as boundary condition for
the energy equation.

The main purpose of this model is the analysis
of the solutal effect on the thermally driven
convection in the real conditions of a space
experiment performed at g=x107%gy. At this
gravity level, according to Ref. [14], the 2D and
3D calculations revealed no significant differences
in the solute distribution, so a 2D (parallel plates)
transient model has been used in our numerical

simulation. Marangoni convection is not relevant,
because under pg conditions, it is well established
that the dewetting phenomenon creates a free
surface with a typical dimension of some tens of
pum [7,15] not likely to produce a significant fluid
velocity.

The results presented in Fig. 4a are computed
for the gravity acceleration g = 2 x 10~%g,, which
is the average steady-state value perpendicular to
the crucible horizontal axis, estimated from the
measurements performed onboard Spacelab [16].
The flow field is characterized by one single cell
rotating in a counterclockwise manner with a

Flow field
D)

Solute field

(a) Time: 3750s Time: 20000 s
Flow field
Solute Meld
"
N Q)

(h) Time: 3750 s Time: 20000 s

Fig. 4. Numerical results for horizontal Bridgman solidification of concentrated Gagpglng,Sb alloy under microgravity conditions. (a)
Evolution of velocity field and iso-concentration lines at ¢ = 2 x 10%gg: tmax = 0.39 x 10°® m/s, Cpax = 10.9% at time ¢ = 3750 s and
tmax = 0.43 x 107 m/s, Cuux = 15.7% at time ¢=20,000s. (b) Evolution of velocity field and iso-concentration lines at
g=2%1073gy: tigax = 3.8 x 107 m/s, Cpax = 10.8% at time ¢ = 3750 s and gy = 4 % 10 m/s, Cpax = 15.6% at time 7 = 20,0005,
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maximum  velocity magnitude  Upa=0.4 x
10-®m/s. The iso-concentration lines are slightly
deformed by the convection and the concentration
increases on the bottom side of the interface. The
analysis of the melt flow evolution shows an
inverse but lower solutal effect on the melt
convection as compared to the vertical Bridgman
configuration. A small increase of the convection
intensity is due to the heavier solute rejected at the
interface, which moves toward the bottom side of
the sample: tmax = 0.39 x 1076 m/s at time t=
3750s and upae =042 x 107%m/s at time ¢t=
10,000 s. These results are also in agreement with
theoretical predictions of the ratio between the
velocity due to solutal convection Ue and the
velocity due to thermal convection Uz [17,18]:

Uc _Bc(1 -K)GD

2
Uy~ ap,GRV 2 (12)

which gives a value Uc/Ur~ 1072 for our config-
uration.

In the above relation D is the diffusion
coefficient and G is the longitudinal thermal
gradient. The convecto-diffusive parameter A and
the concentration Cy are given by the following
expressions:

4 = 3.6Pe(Gr S¢)~'/3, (13)

T1-(0-K4

By increasing the gravity level to g = 2 x 10~%g,
the maximum convective velocity increases up to
Umax =4 x 1076 m/s and the iso-concentration
lines are more distorted by convection (see
Fig. 4b).

The axial profile of the In concentration in the
crystal carried out from experiment [7] and
numerical simulation are represented in Fig. 5a
(g =2 x 107%g,). Tiller’s theoretical profile for a
purely diffusive regime and the Scheil’s law for a
well-mixed regime are also reported on the figure.

Both experimental and numerical results show a
Scheil’s profile, which characterize a full mixing
regime in the melt. The axial distribution of the
solute is practically unchanged for this solidified
fraction if the gravity level is increased to g =
2x 1073go. So, the variation of the residual

G (14)

gravity from 2 x 107% to 2 x 107g, has not a
significant effect on the axial chemical segregations
in the GalnSb sample.

The radial distribution of In in the solidified
sample, respectively, the numerically computed
solute distribution in the solid at the interface, is
shown in Fig. 5b. A maximum of solute concen-
tration can be observed close to the sample
centerline. Both figures also show a non-symme-
trical segregation with different compositions at
the sides. The experimental radial segregation
defined as 8C = AC/C,,, varies between 0.15 and
0.25 which is in agreement with the numerical
results (8C = 0.15 at time ¢ = 20,000s for g =
2x107%gy and 8C =0.25 for g =2 x 10 %gp).
This radial profile of solute concentration influ-
ences the shape of the solid-liquid interface
because of the melting point dependency on the
interface composition. Therefore, the interface is
not symmetrical about the horizontal axis, but this
deformation is small because of the small differ-
ence between the solute concentration at the
sample sides (see experimental and numerical
results presented in Fig. 5b). The interface deflec-
tion increases during the solidification but this
effect is reduced as compared to vertical Bridgman
configuration. This can be explained by the level of
convection which remains almost constant during
the horizontal Bridgman solidification of concen-
trated alloys, while a strong damping of the melt
convection has been observed in the case of
vertical Bridgman configuration. In this way, the
radial segregation is maintained at relatively lower
values (6C = 0.2) and the interface deflection is
limited to values less than 5 mm.

Because of the variation of the interface
temperature as a function of solute concentration,
the interface velocity is reduced to V;=0.9 um/s,
compared to the pulling rate V' = 1.2 pm/s.

4. Conclusions

The solutal effect on the melt convection has
been numerically investigated in relation with
experiments on Bridgman solidification of low
and highly doped Ga,_,In,Sb alloys. From the
transient modeling of the heat, momentum and
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Fig. 5. (a) Comparison of axial distribution of solute (In) in

the solid sample carried out from experiment and from numerical

modeling at g =2 x 107%, with Tiller’s and Scheil's theoretical profiles. Growth rate: ¥ = 1.2 pm/s, initial solute concentration:
Cy = 10%. (b) Experimental radial distribution of In in the solid sample and numerically computed solute profile in the solid at the

interface for a solidified length of 6 mm.

species transport it is found that, in the case of
vertical Bridgman configuration, the heavier InSb
solute rejected at the interface leads to a contin-
uous damping of the thermally driven convection.
The modeling of low doped alloy solidification
shows that the solutal effect cannot be neglected
for high pulling rates. It should be reminded that
the morphological interface stability criterion
allows great values of the pulling rate for low
doped alloys (as for example Vyax~ 10 um/s for a
Gaggolng g Sb alloy solidified in a thermal gradient

Gr~50K/cm); however, the use of such high
rates is not advisable for the experiments because,
after the damping of the melt convection, the poor
mixing of solute at the interface leads to a strong
increase of the radial and axial chemical segrega-
tions in the samples grown in such conditions.

In the case of concentrated alloys solidified at
V =1 um/s, this effect becomes dramatic because
of the dependency of the melting point on the
interface composition which produces a significant
increase of interface curvature.
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Analytical expressions to compute a critical
value of the growth rate V*, for which the
thermosolutal effect must be considered, have
been proposed. Because the damping of the
thermally driven convection has undesirable ef-
fects on the crystals quality, this phenomenon can
be avoided if the condition V< F** is respected.

The modeling performed for the horizontal
Bridgman solidification of concentrated GalnSb
alloys under microgravity conditions shows an
inverse but lower solutal effect on the melt
convection, leading to a small increase of the flow
intensity during the solidification. The solute
distribution in the sample and the interface shape
are essentially affected by the thermal convection
which depends on the gravity level. From the
numerical simulation it is found that a modifica-
tion of g values between 2 x 10~%and 2 x 10~3go,
which is the gravity level measured onboard
Spacelab during STS 78/LMS mission, has no
significant influence on the chemical segregations
in the solidified sample, and residual accelerations
lower than 10~7g, are necessary to get diffusive
conditions.
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Abstract

Numerical simulation is used in order to study the solute segregation and morphological stability of the solid-liquid
interface during Bridgman solidification of concentrated Ga,_,In,Sb (x = 0.1 and 0.2) alloys. Experimental works on
the crystal growth of the concentrated GalnSb alloys by using a Bridgman—Stockbarger furnace, have shown a large
increase of chemical segregations and solid-liquid interface curvature during the solidification process. These
phenomena are studied by using a transient numerical modeling of the heat, momentum and mass transfer which occur
during the crystal growth process. From the numerical simulation it is found a strong damping of the thermally driven
convection by the solutal effect, which depends on the growth parameters. This leads to a significant increase of the
radial segregation, and consequently, because of the dependency of the melting temperature on the concentration, of the
interface curvature. In the case of the highly concentrated Gagglng,Sb alloy, the solutal effect is very strong and a
morphological destabilization of the solid-liquid interface occurs close to the beginning of the solidification.

Analytical calculations are derived by taking into account the solutal effect on the interface curvature and a semi-
empirical formula which describes the evolution of the interface deflection during the growth process is proposed. It is
found that the proposed formula is verified by both numerical and experimental results and can predict the occurrence
of the interface morphological destabilization.

Experimental and numerical results for the solute distribution in the crystals and interface deflection are compared
with the analytical predictions in order to give an explanation of the physics involved during the growth of GalnSb
concentrated alloys.
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1. Introduction

The growth of III-V and II-VI concentrated
semiconductor alloys, as for example GalnAs,
GalnSb, HgCdTe, by the Bridgman method has
been investigated in Refs. [1-3]. The experimental
work has been coupled with numerical [4-7] and
theoretical [8,9] analysis in order to understand the
physical phenomena involved in the directional
solidification of these alloys. Among those alloys,
the pseudo-binary semiconductor GaSb-InSb is
an important material for optoelectronic applica-
tions as photodetectors and thermophotovoltaic
cells. In the latter case, highly doped crystals
(x>0.1) are needed, which are in general difficult
to obtain, because of the high chemical segrega-
tions and interface curvatures which occurs during
Bridgman solidification of these alloys, which
furthermore generate structural defects [10,11].

Two experiments of Ga,_.In.Sb (x =0.1 and
0.2) solidification have been performed in a
Bridgman-Stockbarger furnace with three thermal
zones [10]. A schematic description of this furnace,
which contains a heating element and a cooling
zone separated by an adiabatic zone, is presented
in the Fig. la. Two crucibles made of boron nitride
(BN) and silica (Si0,) were used in order to change
the thermal interface deflection during the solidi-
fication. A polycrystalline seed which is not melted
is used for the growth initiation and avoiding
undercooling. The axial thermal gradient pro-
duced in the adiabatic zone is Gt =~ 60 K/cm and
the pulling rate of the furnace is V' = 1.1 um/s. A
set of complex measurements have been performed
during and after the experiments. The temperature
evolution with time around and along the crucibles
was measured by using a set of 9 thermocouples.
An electrical marking of the solid-liquid interface
shape is performed during the solidification, by
applying electrical pulses every 30min (Peltier
effect). After experiment, the interface is visualized
as a thin line visible on the polished-etched surface
of the longitudinally cut crystal. The axial and
radial distribution of the solute (In) in the crystals
was measured by using the electron microprobe
method [10].

Experimental results obtained for the growth of
GalnSb alloy with 10% initial concentration of In

in the liquid sample (GM10% experiment) show a
strong increase of the interface deflection and
radial segregations for the BN part of the crucible
and a more reduced increase of these quantities for
the silica part of the crucible. The solid-liquid
interface is destabilized after a growth distance of
about 35mm as is shown in the Fig. 1b. These
phenomena are amplified in the case of
Gagglng »Sb solidification (GM20% experiment),
where huge interface curvatures and chemical
heterogeneities are observed. The interface mor-
phological destabilization occurs after a growth
distance of 8 mm in the BN part of the crucible (see
Fig. 1b).

In this paper a simulation of the heat, momen-
tum and mass transfer in these experiments is
presented and the experimental results are dis-
cussed and explained with the help of the
numerical results.

2. Physical and numerical model

The numerical modeling is performed for an axi-
symmetric domain which contains the sample-
crucible system. The growth parameters for
GM10% and GM20% experiments, introduced
in the simulation, are given in the Fig. la caption,
and the thermocouple measurements are used as
transient conditions at the domain boundaries.

The equations describing the heat, momentum
and solute transport during the solidification are
solved by using the finite element commercial code
FIDAP®.

At the solid-liquid interface the thermal flux
balance and solute balance are described by

(ksVT|s — kL VT|)i = ps - AH - (V - ), (1)

DVC|.ii = (1 — K}V - A)Cy. )

The solutal effect on the melt convection is
introduced in the momentum equation by taking
into account the solutal term in the density
formula:

p = poll — (T — To) + fc(C — Co)l. (3)

The variation of the melting point as function of
the interface concentration is also taken into
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Fig. 1. (a) Bridgman configuration. Sample diameter: 1.2 cm: sample length: 12 cm, dont 1.5cm of seed; crucible diameter: 1.6 cm; BN
crucible length: 6 cm; Silica crucible length: 6 cm; Length of BN and SiO; crucibles junction: 1¢m. (b) Evolution of the solid-liquid
interface shape during the solidification (GM10% and GM20% experiments).

account by considering a linear dependence:
Ts(C) = T —m . Cy. (4)

T is the melting point of the pure material (GaSb)
and my is the slope of the liquidus curve in the
GalnSb phase diagram [12].

A detailed description of the physical and
numerical model used for the simulation of
Ga,_,In,Sb Bridgman solidification is given in
Refs. [13,14].

3. Results and discussion
3.1. Damping of the melt convection

The melt convection is driven by both thermal
and solutal gradients as can be seen from Eq. (3).
When the solidification process is started, a
thermal convective cell appears in the vicinity of
the solid-liquid interface, because of the radial
variation of the temperature in this region (see Fig.
2a). The fluid rises on the symmetry axis and goes
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Fig. 2. Damping of the melt convection in the case of the
GM10% experiment. Maximum convective velocity: tma, =
1.2 x 107 m/s at time ¢ = 5005 and tiqa; = 3 - 107 m/s at time
t=10000s.

down along the crucible wall. The solute is
transported by the convection and the concentra-
tion increases at the sample center, compared to
the sample sides. Because the solute (InSb) is
heavier than GaSb, this radial concentration
gradient has a stabilizing effect on the fluid flow,
and the thermally driven convection is damped
(see Fig. 2b). As it is shown in the Fig. 2, after an
initial transient, the convection is damped in the
vicinity of the interface in the case of GM10%
experiment. In the GM20% experiment, where the
interface curvature increases quickly, the convec-
tion is damped at the center of the sample and a
small flow cell remains located near the crucible
wall in the vicinity of the interface. The initial
transient depends on the growth rate and on the
sample concentration. As it is shown in Ref. [14]
the damping of the melt convection is effective
when the concentration in the melt at the interface
becomes

= BfGLD
1.1Bc(1 — K)RGr=1/9S¢=20y’
where Cy, f, R, G, K, fr, Bc, D are the solute

concentration at the interface, interface deflection,
sample radius, thermal gradient in the liquid,

Ci (3

segregation coefficient, thermal expansion coeffi-
cient, solutal expansion coefficient, and diffusion
coefficient, respectively. Gr and Sc are the Grash-
off and Schmidt numbers.

The results obtained from the Eg. (5) in
agreement with numerical simulation show an
effective damping of the convection in the vicinity
of the interface after a growth distance zp =
10mm in the case of the GM10% experiment and
for a solidified length zp &~ 3 mm in the case of the
GM20% experiment.

3.2. Axial segregation

The experimental profiles of the solute (In) in
the crystals, measured on the symmetry axis and
on the sample side for both GM10% and GM20%
experiments are shown in the Fig. 3. In the case of
the GM10% experiment, it can be observed a
significant increase of the In concentration on the
symmetry axis for the sample grown in the BN
crucible (see Fig. 3a). The solid—liquid interface is
morphologically destabilized after a growth dis-
tance of z &~ 35mm, however only to the axis, and
the destabilized growth occurred on a distance of
about &~ 15 mm, which corresponds to the end part
of the BN crucible and to the junction between the
BN and silica crucibles. During the destabilized
growth, the axial concentration profile shows a
decrease of solute concentration in the vicinity of
the growth front. After that, the controlled growth
is restarted in the silica crucible with an axial
distribution following a Scheil’s law. The long-
itudinal profile of In measured on the sample sides
shows a different behavior which is closed to a
Scheil’s distribution for both BN and silica
crucibles. In this case, the increase of the solute
concentration during the solidification is reduced
compared to the axial case. In parallel to the solute
concentration increase, the interface velocity de-
creases, as observed experimentally and explained
numerically.

Similar phenomena are observed for the
GM20% experiment, where the axial profile of
the solute shows a strong increase of In concen-
tration for both BN and silica crucibles, and the
interface is more quickly destabilized: after a
growth distance z &~ 8 mm in the BN crucible and
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za20mm in the silica crucible. The measured
profiles of In concentration in the sample, show a
complicated behavior and it is difficult to give a
physical explanation, especially for the huge
increase of the axial solute concentration corre-
sponding to the BN part of the crucible, which
cannot be fitted by using the classical Tiller’s or
Scheil’s laws.

As it is shown in the paragraph 3.1, the solute
rejected at the solid-liquid interface leads to the
damping of the melt convection at the center zone
of the sample and only a small convective loop
remains located near the crucible wall in the case
of the GM20% experiment. Therefore, the solute
is mixed by the convection only on the sample
sides. Thus the In distribution along the sample

sides, can be explained by Scheil’s law, which
describes a convecto-diffusive regime located near
the crucible wall.

On the sample axis, the damping of the melt
convection leads to a transition from a convective
regime to a quasi-diffusive regime. After this
transition, a diffusive layer with thickness D/V
is build up in the liquid near the interface (see
Fig. 4a).

In the Fig. 4, the axial distribution of the solute
in the liquid sample is related to the velocity field
in the melt at time 20000s. Two convective loops
can be observed, produced by the radial thermal
gradients in the liquid sample. In the vicinity of the
crucibles junction, because of a large difference
between the thermal conductivities of silica and
boron nitride crucibles, the isotherms change their
concavity and a counterclockwise cell flow rises in
this region. The second, clockwise, convective loop
appears in the silica crucible, because the heat
enter in the system laterally there, and mixes the
solute in this region. As can be seen in the Fig. 4,
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Fig. 4. (a) Axial profile of the solute in the melt, (b) flow field in
the melt. (time: 20000s).
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the composition of the liquid sample in the silica
crucible remains almost constant (C =~ Cy) during
the solidification of the sample contained in the
BN crucible.

The numerical results show that the convective
loop situated at the crucible junction acts as a
buffer for the solute. As far as the difference in
solute concentration between the junction loop
and the loop in the silica remains small, the

C. Stelian, T. Duffar | Journal of Crystal Growth 275 (2005) e585-e594

diffusive exchange between the two loops is low
and the concentration in the silica sample is not
changed. Then, in the major part of the solidifica-
tion in the BN crucible, the junction region can be
considered as a barrier to the solute mixing with
liquid in the silica crucible. Consequently, the
increase of the axial concentration when the
diffusive layer is adjacent to the crucible junction,
can be explained (see Fig. 5). This happens after a
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Fig. 5. Comparison between experimental data, numerical results and formula (6) for the axial distribution of solute in the sample
solidified in BN crucible: (a) GM10% experiment, (b) GM20% experiment.
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growth distance z~ 35mm in the case of the
GM10% experiment, for which the thickness of
the diffusive layer is D/V =~ 10mm and after a
growth distance z=~ 8mm in the case of the
GM20% experiment, with a larger diffusive layer
(D/V =~ 30mm) due to the interface velocity
decrease during the solidification. Because the
solute concentration increases, the interface
reaches morphological destabilization before the
junction. It is only at the junction or just after it,
because of the strong convection, that the solute is
well mixed and the axial concentration decreases.
After that, the controlled growth is restarted in the
silica crucible.

The experimental axial profile of solute concen-
tration in the GM10% and GM20% samples
solidified in the BN part of the crucible, can be
fitted by using a power law:

Cs(2) = a(1 — bz)", (6)

where a, b and ¢ are coefficients given by the
fitting.

The evolution of the solute concentration in the
melt at the interface, will be given by

Cs
G=—> (7
where Cs is given by the Eq. (6).

The experimental data, numerical results and
the expression (6) are plotted in Fig. 5. The
numerical results are in agreement with the
experimental data only if a dependence of the
diffusion coefficient on the solute concentration is
taken into account in the simulation. By fitting the
numerical and experimental data for the axial
distribution of indium in the Ga,_,In,Sh samples
(x=10.04, 0.1, 0.15 and 0.2), it is found a linear
decrease of the diffusion coefficient (dD/dC =~
0.3 x 107" m?s™'% ") when the solute concentra-
tion increases. A literature survey did not give
information on such a possible dependency, which
has been included in the numerical model as an
effective diffusion coefficient. The numerical re-
sults also show that, when the growth conditions
are approaching the morphological stability criter-
ion [15], the numerical code gives a sudden
increase of the interface wvelocity. Then the

numerical model can be used to predict the
morphological destabilization.

The increase of the axial concentration at the
end part of the BN crucible leads to a significant
decrease of the melting point at the sample center
(see Eq. (4)) and consequently to a decrease of the
interface velocity. This phenomenon has been
observed experimentally and can be quantitatively
described from the following expression:

Vy=Vo—ie—i, (8)

where V7 is the interface velocity, V' is the growth
velocity which depends only on the cooling rate
(V = G;'dT/dr) and the term my.Gy'dCi/dt
describes the deceleration of the growth process
because of the melting point dependence on the
interface concentration. This solutal term can be
neglected for the dilute alloys solidification (Cj is
very small) but is not negligible for the concen-
trated alloys, as is shown also from experimental
results. As for example, a decrease of the interface
velocity at the sample center from 1.2 to 0.4 um/s
has been observed in the case of the GM20%
experiment. On the sample sides, because of the
small increase of solute concentration during the
solidification, the interface velocity remains almost
constant (¥ = 1.2um/s).

3.3. Interface deflection

After the damping of the melt convection at the
beginning of the solidification, the variation of the
solute concentration along the interface increases
because of the poor mixing of the solute in this
region. This leads to an increase of the difference
between the melting point at the sample center and
the sides, which has as a consequence the increase
of the interface curvature during the solidification.

If C,4 is the concentration in the liquid at the
interface on the symmetry axis and Cp the
concentration at the interface on the sample side,
the following expressions for the melting point are
obtained from the Eq. (4):

Ty=Ts—m.Cy, 9)

Tg=Tsg—m.Cg. (10)
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The variation of the interface deflection due to the
solutal effect (f-) depends on the melting point
variation, and can be expressed as

fo=TETA=TE(C,~ C), an

where Gt = (ksGs + k1. GL)/(ks + k) is the con-
ductivity-weighted temperature gradient.

The interface curvature caused by both the
thermal and solutal effects, will be

f=fr+fe (12)
where f+ is the interface deflection due to the
mismatch between the thermal conductivities of
the crystal, melt and crucible.

When the convection is damped and a quasi-
diffusive regime is established in the melt near the
interface, the variation of the concentration
C,4—Cp depends only on the interface deflection
and on the solutal axial gradient in this region:

dc
Co—~Co=J7_- (13)

The axial solutal gradient can be computed from
the Eq. (2) as
dc _(1-K)
dz~ D

From the expressions (11), (13) and (14), we obtain
for the solutal interface deflection:

fom= my(1 — K)

cC = DG‘[‘
The interface deflection is computed from the Eq.
(12) as

f:

ViCr. (14)

ViCyf. (15)

ST

1-K z
e = 4T

(16)

This formula describes the interface evolution as a
function of the axial interface concentration (Cy),
which varies during the solidification process. In
this way, it gives an analytical explanation for the
increase of the interface curvature when C;
increase. The mathematical expression of f has a
singularity for my(l — K)V1C;/DGy = 1, which
corresponds to the interface destabilization. The
interface is morphologically stable for myp(1 —
K)V1C1/DGt <1, which corresponds to the classi-
cal stability criterion [15]. The experimental and

numerical results which describe the evolution of
the interface deflection during the solidification
process in the BN crucible are represented in
Fig. 6. It can be observed a good agreement
between the experimental data and the analytical
formula (Eq. (16)), where C; and V; are expressed
from the Egs. (7) and (8), respectively. The
numerical results give values somewhat lower than
the experimental data.

The excessive increase of the interface curvature
(f) leads to an increase of the radial segregation
(6C), because in the case of the quasi-diffusive
regime, 6C depends directly on the interface
curvature. The radial segregation is defined as
oC = (Cmax = Cmin)/ca\-'a Wh_cre Cmaxs Cmin and
C,y are the maximum, minimum and respectively
the average concentration in the melt at the
interface. The experimental measurements show
an increase of C from 0.1 to 1.0 for both GM10%
and GM20% samples grown in the BN part of the
crucible.

In the case of lower pulling rates, the damping
of the thermally driven convection is reduced (see
Eq. (5)) and the evolution of the axial concentra-
tion C; can be described by using the classical
Scheil’s law. Because of the slow increase of Cj, the
solutal effect on the interface velocity described in
the Eq. (8) is negligible and V= V. Fig. 6 shows
the interface curvatures computed from Eq. (16)
when the pulling rate of the crucible is reduced to
V =0.4pm/s in the case of the GM10% experi-
ment and to ¥ =02um/s in the case of the
GM20% experiment. It can be observed a
significant reduction of the interface deflection
for both 10% and 20% alloys. In this case the
interface is morphologically stable during the
whole growth process.

4. Conclusions

Numerical modeling and experimental data,
show that highly doped crystals grown at V' =
1 pm/s rate are not chemically homogeneous, with
large axial and radial variations of the In
concentration. The interface curvature increases
during the solidification and the interface becomes
morphologically unstable.
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Fig. 6. Comparison between experimental data, numerical results and formula (16) for the interface deflection in the sample solidified

in BN crucible: (a) GM10% experiment, (b) GM20% experiment.

A semi-empirical analytical expression which
describes the evolution of the interface deflection
during the solidification process is proposed (see
Eq. (16)). From this formula, it can be observed
that the increase of the interface curvature can be
limited by using low pulling rates (¥). The
interface deflection can also be reduced when the
thermal deflection fy is small (see Eq. (16)), as for

example when the silica crucible is used, as shown
experimentally.

In conclusion, the quality of highly doped
GalnSb crystals can be improved when the growth
process occurs at low pulling rates and the crucible
has a lower thermal conductivity. In this case, the
interface deflection and radial segregation are
maintained at lower values, the axial segregation
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follows Scheil’s law and the growth process is
stable.
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Abstract

A GalnSb concentrated alloy has been solidified under microgravity conditions by using the Bridgman method
during the STS 78/LMS mission. A numerical simulation is used in order to explain the behavior of the axial In solute
distribution as revealed by analysis of the flight sample. Measurements of the gravity level onboard the Shuttle, show a
significant increase of the g-jitter amplitude, 90 min after the start of the growth process, which is correlated with
perturbation of the chemical segregation.

A numerical analysis of the g-jitter effect on the chemical segregation in the case of concentrated GalnSb alloy
solidification is performed by varying the amplitude and the frequency of the residual gravity. A small effect of periodic
accelerations on the solute distribution is observed only for frequencies below 1072 Hz. At higher frequencies, the axial
and radial segregation are practically unchanged.

The numerical modeling shows that the sharp increase of g-jitters accelerations 90 min after the start of the growth
process, produces an increase of the convective intensity, which mixes the melt and increases the solidification
temperature so that the interface jumps forward. The associated morphological destabilization of the interface is
experimentally observed on the etched sample and on the longitudinal profile of solute concentration measured in the
crystal. After a chemical homogenization of the melt, the controlled growth is started again with an axial concentration
profile, corresponding to a Scheil’s law.
© 2004 Elsevier B.V. All rights reserved.
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of Bridgman solidification of concentrated
Ga;_,In,Sb alloys. The purpose of the experiment
is to study the thermal, chemical and dewetting
phenomena during Bridgman growth of concen-
trated alloys under microgravity conditions [1,2] as
compared with similar ground experiments [2,3].
The advanced gradient heating facility (AGHF)
Bridgman furnace has a heating element and a
cooling zone separated by an adiabatic zone. It is
pulled with a constant velocity along a tantalum
cartridge containing the sample—crucible system.
Two crucibles made of boron nitride (BN) and
silica (SiO,) have been used in order to act on the
interface curvature during the solidification (see
Fig. 1a). The GalnSb sample, 152mm in length
and 12mm in diameter, had an initial InSb
composition, measured before the experiment at
the sample-seed junction: Cy = 19%. In order to
avoid the undercooling phenomenon, a poly-

Ta-cartridge BN crucible

(a)
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crystalline seed 63mm in length and initial
composition Cp = 8%, is used. Eight millimeter
of seed are melted and mixed with the feed
material before the controlled growth process to
be started. Temperature measurements on the
crucible external walls, have been performed
during the growth process, by using a set of 9
thermocouples.

During the experiment, 3D accelerometers
measured the gravity vector oscillations, however;
due to technical constraints, these measurements
were possible only for frequencies higher than
1073 Hz [4]. For lower frequencies, the 3D gravity
level was computed versus time by dedicated
software NASA-PIMS team. The quasi-steady
value was found to be lower than 107, with a
frequency lower than 10~*Hz and no preferential
orientation. From these measurements and calcu-
lations, it appeared that 90 min after the beginning

Si0, crucible
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Fig. 1. (a) Schema of tantalum cartridge containing the sample-crucible system; (b) axial and radial distribution of the indium in the

flight sample.
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of the growth process, a 10-time increase of the
acceleration power spectral density occurred.

After the experiment, the Ga, In and Sb
composition of the sample is measured longitudin-
ally and radially by the electron microprobe
method. Longitudinal measurements of indium
concentration at the sample center and sides show
almost the same profile [2]. The axial distribution of
indium in the sample shows a complicated behavior
at the beginning of the solidification, corresponding
to a change of the gravity level as measured in the
Shuttle. Then a typical Scheil’s axial profile of
solute is observed, which is surprising at the low
level of the measured residual gravity (see Fig. 1b).
The radial variation of In concentration in the
space crystal is smaller compared to the ground
samples with 10% and 20% indium, but not
negligible. In order to explain the segregation
phenomena observed during the space experiment,
a transient simulation of heat, momentum and
solute transport is performed.

The analysis of steady gravity effect on the melt
convection and solute segregation during
Ga,_,In.Sb (x = 0.1) concentrated alloy solidifi-
cation has been performed in Ref. [5] and focused
on the solutal effect on the melt convection and
interface curvature for a 2D horizontal Bridgman
configuration at steady gravity levels between 10°°
and 107°g,. The cylindrical sample is modeled by a
2D parallel plate model. The analysis performed in
Ref. [6] shows that for convective levels corre-
sponding to our calculations, the 2D and 3D
modeling revealed no significant difference in the
solute distribution, so a 2D model has been used in
our simulation. From the numerical modeling, a
small increase of the convective intensity, because
of the solutal effect, is found, which can be
generally neglected. On the ground, experiments
and numerical simulation [3,5] show a strong
damping solutal effect on the convection, which
leads to a significant increase of radial segregation
and interface curvature during the solidification of
concentrated Ga,_,In.Sb (x=0.1 and x=0.2)
alloys. On the contrary, in space, because the
configuration is rather horizontal Bridgman, the
level of the convection is almost constant during
the solidification, so the increase of the radial
segregation and interface curvature are limited [5].

In this paper, the numerical investigations are
extended by introducing the analysis of the g-jitter
effect on the chemical segregation. This study is
related to experimental observations, which show
interesting segregations phenomena, 90 min after
the growth process, when the microgravity mea-
surements versus frequency show a sharp increase
of the g-jitter amplitude.

2. Physical and numerical model

The numerical simulation is performed by using
the commercial code FIDAP, for a two-dimen-
sional domain which contains the sample and the
crucible. Because the study is focused on the
segregation phenomena, observed at the beginning
of the solidification, the numerical analysis is
restricted to the boron nitride part of the crucible.
The experimental growth parameters correspond-
ing to the numerical modeling are

e pulling rate V' = 1.1 um/s;

e thermal axial gradient in the adiabatic zone
Gr = 60K /cm;

e sample diameter 1.2 cm;

e sample length 6 cm including 1.5cm of seed;

e BN crucible thickness 0.2 cm.

The physical properties of Ga,_.In,Sb pseudo-
binary alloys and BN crucible are given in
Refs. [3,7].

The equations describing the heat, momentum
and solute transport during the solidification are

pep (%Jrﬁvr) = kV*T, (0

p g+ (w)a’] = —Vp + uV3i
+ pg[l — Br(T — To) + Bc(C — Co)l, (2)

%4‘ iiVC = DV2C, 3)

where p, k, cp, fr. fc. 1, and D are the density,
thermal conductivity, specific heat, thermal expan-
sion coefficient, solutal expansion coefficient,
viscosity and diffusion coefficient, respectively.
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The experimental data for the temperature
evolution around the crucible measured by the
thermocouples during the solidification are im-
posed as boundary conditions on the crucible
external wall. The no-slip and, no-flux conditions
for velocity and solute field, respectively, are
imposed on the solid boundaries of the liquid
domain. In practice, dewetting occurred [l],
however, leading to only 50 um of free surface,
which is neglected in this analysis. At the
solid-liquid interface, the thermal flux balance
and solute balance conditions are

(ksVT|s — kL VT )ii = ps - AH - (V - i), )

DVC| i = (1 —K)V -#)C}. (5)

The solute effect on the melt convection is
described by the density term pfS-(C — Cy) in the
momentum equation. The variation of the melting
point as function of the interface concentration is
also taken into account by considering a linear
dependence

Ts(C) = T¢ —m.Cy. (6)

TY is the melting point of the pure material
(GaSb) and m is the slope of the liquidus curve in
the GalnSb phase diagram [8].

Numerical transient modeling is performed by
using the commercial software FIDAP. The
governing Eqgs. (1-3) written in the non-dimen-
sional form are solved by using the finite element
method. The mesh with 6000 quadrilateral ele-
ments has the density of nodes improved in the
region of the interface. For the transient modeling
which supposes a moving boundary, e.g. solid-li-
quid interface, the FIDAP deformed mesh techni-
que is used.

3. Results and discussion

The analysis is performed in two steps. In the
first part, the effect of microgravity variations on
the thermosolutal convection and chemical segre-
gations is studied in our configuration. In the
second step, the analysis of the specific experi-
mental chemical behavior is performed.

3.1. Effect of g-jitter

In this first paragraph, the general effect of
variation of gravity level and frequency in the
ESAS experiment is studied. These general gravity
levels and frequencies are given in Ref. [9]. The
analysis of microgravity residual accelerations
performed in Ref. [9], shows that the microgravity
vector g at a certain location within the spacecraft
can be written as

g="> (gs+ g7 (7

where gg are the quasi-steady accelerations with
frequencies lower than the orbital frequency
(fs = 2 x 10*Hz) and gr are the transient accel-
erations, called the g-jitter, which are characterized
by a broad frequency spectrum. The microgravity
measurements performed onboard the Spacelab
during the STS78/LMS mission, show an average
steady value of gravity vector g5 & 10~%g, at the
frequencies f'<fs. In the following, the reference
quasi-steady case is simulated by applying a
gravity vector gqs. (10'690, 1074 Hz).

The numerical investigations performed in Ref.
[10] related to the effect of single and multi-
component oscillatory disturbances on the melt
convection and solute segregation, show a small
sensitivity of the Bridgman model to the multiple
frequency oscillatory disturbances. Therefore, only
single frequency disturbances have been taken into
account in our simulation.

The g-jitters effect is simulated by considering a
sinusoidal variation versus time of both x and y-
axis components of the gravity vector

gy = ga sin 2xf - 1, (8)

gy = ga sin 2nf - 1, ©

The analysis is performed by varying the ampli-
tude of the gravity vector between 10~% and 10™2g,
and the frequency between 10~* and 10Hz in
agreement with the experimental gravity level
diagram given in Ref. [9], which allows larger
accelerations at higher frequencies.

Fig. 2 shows the effect of g(10™°go, 107> Hz)
periodic accelerations on the velocity field in the
melt. The fluid convection is reversed at each half
period. The maximum value of the convective
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Fig. 2. Velocity field in the melt at g(10™%g,, 1072 Hz). Maximum convective velocity reached each half period: upa 2.3 x 104 m/s.

velocity reached during each half period is
Umax = 2.3 x 107 m/s.

The effect of the residual gravity on the melt
convection intensity and solute segregation is
presented in Fig. 3. The numerical analysis is
performed for the reference quasi-steady accelera-
tions: gqs and for transient accelerations:
9(10™3go, 1072 Hz), g(10~*go, 1 Hz) and g(10 >go,
10Hz). In Fig. 3a, the maximum value of the
convective velocity upy,y is plotted versus g. It can
be observed that a 10-time increase of uy,, in the

case of transition between quasi-steady accelera-
tion to g(l()_sgo, 10~2Hz). In the case of stronger
accelerations at higher frequencies, the increase
and the convective intensity is not important (only
three times) and the maximum convective velocity
has the same order of magnitude as for g(10™ gy,
1072 H2) : tpax~ 10~%m/s. At the same amplitude
of the gravity vector ga = 107 gy, the increase of
the frequency from 107> Hz to 107! Hz, leads to a
decrease of the convective level. So, the effect of
higher frequency residual acceleration on the melt
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Fig. 3. Effect of the residual gravity on the melt convection and
solute segregation: (a) maximum convective velocity as function
of the gravity amplitude for frequencies between 10™* Hz and
10 Hz; (b) axial profile of solute in the solid sample for different
gravity levels.

convection is small, as already reported for purely
thermal convection in Ref. [10].

The same conclusion is obtained from the
analysis of the axial and radial segregations
computed by changing the gravity level. As can
be seen in Fig. 3b, the most noticeable difference in
the axial profile of solute in the crystal is observed
when the gravity level is changing from gq, to
g(10~>go, 1072 Hz). In this case, the increase of the

convection intensity leads to a small decrease of

the axial segregation. The radial segregation,
defined as 0C = (Cpax— Cmin)/Cav» Where Cpax,
Chin and C,, are the maximum, minimum and the
average concentration in the melt at the interfaces,
respectively, is also reduced from 6C = 0.14 at g, .
to 6C=0.12 at g(10~°g,, 107>Hz). For higher

frequencies f> 10~?Hz, the effect of the transient
accelerations is very small and the axial solute
profile is practically unchanged. This result is in
agreement  with  the cutting frequency
fex6x 1073 Hz, calculated from the formulas
proposed in Ref. [11]. From these results, it
appears that the effect of g-jitters on the solutally
and thermally driven convection and related
chemical segregations in our experiment can be,
in a first approximation, simulated by a single
transient acceleration, g(l{]“sgn, 1072 Hz), which
has practically the same effect on the flow and
solute distribution as all the g-jitter spectrum
analyzed in Fig. 3.

3.2. Analysis of segregation phenomena during
fight experiment

The chemical characterization of the flight
sample shows a complicated behavior of the axial
solute distribution at the beginning of the solidi-
fication (see Fig. 4). When the growth process is
started, a significant increase of the axial In
composition is observed on the first 3mm solidi-
fied length. After that, the solute profile shows a
destabilized growth on the following 4 mm, then a
decrease of the axial In concentration which
indicates an intense solute mixing in the melt.
After the chemical homogenization of the liquid
sample, the stable growth process, with a planar
front, is restarted with an axial profile which
corresponds to Scheil’s law

Cs = KCo(1 —f5)' 7%, (10)

where fs is the solidified fraction and Cj is the
initial concentration in the liquid sample.

These experimental observations are studied by
using the transient numerical analysis of the
coupled thermal, hydrodynamical and solute
segregation phenomena.

The significant increase of the axial In concen-
tration after the start of the solidification cannot
be explained as a result of the residual accelera-
tions induced flow, even at the low level of the
gravity measured at this time (ga 107%g,). This
profile can be explained as an effect of the partial
chemical mixing between the melted seed (8%
initial solute concentration) and the liquid feed
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Fig. 4. (a) Initial composition profile before the seed melting. (b) Experimental and numerical computed longitudinal profile of In in
the solid sample at the beginning of the solidification. The gravity level increases 90 min after the start of the growth process.

(19% initial solute concentration), because of
insufficient homogenization time after the remelt-
ing. From the numerical modeling, it is found that
the liquid-solute concentration is not homoge-
neous at the start of growth and varies near the
interface; a liquid layer having an ascendant In
profile rises in this region. When the growth
process is started, the liquid layer is solidified with
a quick increase of solute concentration as a result
(see experimental and numerical results in Fig. 4b).

The destabilized growth begins 90 min after the
growth process start, when the microgravity
measurements versus frequency and time show
almost 10-time increase of g-jitter amplitude, as
the probable result of the crew activities’ intensi-

fication [4]. In agreement with the numerical
investigations performed in the previous para-
graph, this increase of gravity level has been
modeled as a rapid transition from the quasi-
steady accelerations g4 to periodic accelerations
g(10~3go, 1072Hz). The numerical simulation
shows a significant increase of the convective level
at this moment, which leads to a rapid decrease of
the solute concentration in the melt near the
interface. Therefore, because of the melting
point dependence on the solute concentration
(see Eq. (6)), the solid—liquid interface jumps
forward. A constitutional supercooling with a
morphological destabilization of the interface
may therefore occur. This phenomenon is indeed
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Fig. 5. Photograph of the beginning of the solid sample alter
cutting, polishing and etching.

observed from the longitudinal profile of In
concentration (see Fig. 4) and also from the
metallographic analysis of the etched sample,
which shows a destabilized structure after about
3mm of crystal length (see Fig. 5).

After this destabilized growth, the solidification
with a planar front is restarted and the still active
intense mixing of the solute leads to a decrease of
the axial concentration on about 5mm length of
further growth, in agreement with the character-
istic mixing time given by the simulation. After the
homogenization of the solute in the liquid sample,
the controlled growth with a characteristic Scheil’s
profile of the solute occurs till the end of the
solidification. The measured axial concentration in
the crystal, indicates an average composition of
the melt Cy=10%, after the complete homogeni-
zation of the liquid sample.

3.3. Analysis of morphological destabilization

In order to better study the occurrence of the
morphological  destabilization =~ phenomenon
caused by the rapid increase of the convective
intensity, a numerical simulation is performed by
changing the gravity amplitude. According to the
stability criterion [12], the solid-liquid interface is
morphologically stable when

Gr

D
C[Vl{_—m[_(l —K)’

(11)

where Cf is the solute concentration in the liquid at
the interface and Vj is the interface velocity.

So, a critical value (CiV)* = DGr/mp(1—K)
can be computed for our configuration by using
the value of Gt carried out from the numerical
computation of the thermal field.

In Fig. 6, the time evolution of the product CiV;
is plotted before and after the moment when the
gravity level is changed ( = 90 min). As shown in
this figure, before 1 = 90 min, a small increase of
the CiV; product is observed due to the solute
segregation at the interface. At 7= 90min, the
amplitude of the transient accelerations is sud-
denly varied.

When the acceleration is ga = 2 x 10‘690, the
increase of the convective level leads to a small
decrease of the solute concentration near the
interface. In this case, the interface velocity is also
reduced, so the quantity C;Fj is below the critical
value and the interface remains morphologically
stable. If ga is 5x 107%,, the interface velocity
increases, but C;V; quantity is still less than
(CiV)®. At a gravity level 10 %g,, the level of
the convection increases by 10 times and a
significant increase of ¥V is obtained from the
simulation. In this case CVi>(CiF)™, so a
morphological destabilization of the interface
may occur. Then the liquid concentration at the
interface decreases quickly and the interface

4.0 7
1 + | morphological stability criterion
3.5 ' (CV)"=D"G; / m,(1-K)
56 eV - destabilized growth
) ! ." l\ = controlled growth
& 257 i T e=10%,
% 20- NS
= 1 wi o Thege5T10%g,
oy s \I i}
CIRE S I SR
v N L Loe—=g=2'107g,
1.0 1 his ‘N oy -
g=10~69°: \\“ L ":5’
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- \ '\u\-"- = rd
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Fig. 6. Numerical analysis of the morphological destabilization
phenomena caused by the rapid increase of the convection. The
amplitude of the residual gravity imposed after ¢ = 90min is
varied between 2 x 107 and 10 ¢,



C. Stelian, T. Duffar | Journal of Crystal Growth 275 (2005) 175-184 183

supercooling as well, by 10 K, which corresponds,
taking into account the thermal gradient, to 4 mm
of the destabilized growth as seen in Fig. 4b.

In conclusion, the stability of the interface is
related to variations in the convective level and a
rapid and significant increase of the flow intensity
can produce a morphological destabilization of the
interface during the solidification of concentrated
alloys. This effect can occur during the growth
process, when a diffusive layer is already built up
near the interface at the moment when the increase
of the convective level is produced.

4. Conclusions

Numerical simulation has been used in order to
investigate the segregation phenomena observed
during the space experiment on the Bridgman
solidification of Gagglng Sb concentrated alloy.

The analysis of the melt flow induced by the
residual gravity, shows a significant increase (10
times) of the flow velocity when a transition from
quasi-steady accelerations g(10~%g,, 107*Hz) to
the periodic accelerations g(107°gy, 1072 Hz)
occurs. A further increase of the g-jitters amplitude
and frequency has no significant influence on the
convective level. From the numerical simulation, it
is found that only a 3-time increase of the
convective intensity for g(107g,, 10Hz) takes
place as compared with g(10 g, 1072 Hz) gravity
level. However, this increase of the convection has
a partially undetectable influence on the axial and
radial solute distribution in the crystal. The
numerical computation, in agreement with experi-
mental results, shows that an axial solutal profile
described by Scheil’s law for a convecto—diffusive
regime can be obtained even at low levels of
the gravity 10_6—10"5g0. Only a small decrease
of the axial and radial segregations is observed
when the g-jitters effect is taken into account in the
simulation.

However, a sharp increase of the gravity level
during the solidification process of the concen-
trated alloys can produce interesting segregation
phenomena, such as a morphological destabiliza-
tion of the solid-liquid interface. This phenomen-
on has been experimentally observed for the first

time, 90 min after the start of the growth process,
when the gravity measurements indicate a sudden
increase of the g-jitters accelerations. In this paper,
a physical explanation of this effect has been
provided from the numerical modeling, it is found
that the rapid increase of the flow intensity leads to
a decrease of the solute concentration near the
interface and this induces a constitutional super-
cooling phenomenon. An analysis of this effect is
performed by varying the amplitude of the gravity
and it is found that a rapid and significant increase
of the convection intensity can produce a mor-
phological destabilization of the interface during
concentrated alloys solidification.
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Abstract

Numerical simulations of the vertical Bridgman solidification of Ga;_,In,Sb concentrated alloys are performed by
using the commercial codes FIDAP® and FLUENT®. The transient axi-symmetric simulation of heat, mass and
species transport during highly doped (x = 0.2) crystal growth, shows a strong solute effect on the melt convection. The
thermally driven flow is damped by the heavier solute (InSb) rejected at the solid-liquid interface. A diffusive transport
regime is established in the melt a short time after the beginning of solidification and as a consequence, the radial
segregation increases. This leads to a significant increase of the interface curvature because of the melting point
dependency on the interface composition. Finally, the crystals are not chemically homogeneous with large variations of
InSb concentration on the axial and radial directions. In order to improve the chemical homogeneity of highly doped
Ga,_,In,Sb crystals, it is proposed to apply an alternating magnetic field in the vicinity of the solid-liquid interface.
The magnetic parameters for which an optimal level of convection arises in the melt are derived from the numerical
simulation. It is shown that during solidification under optimized electromagnetic stirring, the radial segregation and
interface deflection can be maintained at low values.
© 2004 Elsevier B.V. All rights reserved.

PACS: 64.70.Dv; 07.05.Tp

Keywords: Al. Computer simulation; Al. Directional solidification; Al. Magnetic fields; Al. Segregation; A2. Bridgman technique;
B2. Semiconducting ITI-V materials.

1. Introduction

Multicomponent semiconductor crystals such as
Gaj_,In,Sb, Ga,_,In.As or Hg,_.Cd.Te are of
great interest in the development of optoelectronic
devices as photodetectors and thermophotovoltaic
cells. The growth of such highly doped crystals is,

*Corresponding author. Tel.: +33-4-7682-5213; fax: +33-4-
7682-5249.
E-mail address: thierry.duffar@inpg.fr (T. Duffar).

in general, difficult because of a strong solute
effect on the melt convection and interface shape.
In order to understand the phenomena involved in
directional solidification of these alloys, a complex
transient numerical simulation of heat, mass and
species transport is necessary.

The solute effect on the melt convection during
the vertical Bridgman growth of Hg,3Cdg»Te has
been numerically investigated by Kim and Brown
[1,2]. The influence of the HgCdTe phase diagram
on the crystal-melt curvature has also been

0022-0248/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jerysgro.2004.02.047



208 C. Stelian et al. | Journal of Crystal Growth 266 (2004) 207-215

analyzed [2]. Their numerical results show a
significant increase of the radial segregation and
melt-crystal interface curvature at the beginning
of solidification. It is found that after an initial
transient toward a diffusion-controlled transport
regime in the melt, the interface deflection and
radial segregation remain constant. But some
experimental results on GalInSb concentrated alloy
solidification in a similar vertical Bridgman con-
figuration, show a strong increase of the interface
deflection and radial segregation during the whole
process of crystal growth [3].

The numerical modeling presented in this paper
is performed in the conditions of an experimental
work on Gagglng,Sb crystal growth in a three-
zone vertical Bridgman configuration (see Fig. la)
[3]. The melted alloy contained in a boron nitride
crucible is enclosed in a Ta cartridge. The
solidification occurs when the furnace is pulled
with a constant rate V. The growth parameters are
included in Table 1 and the physical properties of
Gay_.In,Sb are given in Ref [4]. During the
experiment, the temperature distribution along
the crucible has been measured by using a set of
nine thermocouples. Marking of the solid-liquid
interface shape has been obtained by applying

(a) (b)

electrical pulses to the sample every 30min (see
Fig. 1b). After the experiment, the axial and radial
chemical composition of the crystal has been
measured by electron microprobe method, and
the interface shapes revealed by chemical etching.

.The experimental results show a significant in-

crease of the interface deflection during the
solidification and large axial and radial variations
of In concentration in the crystal. This is explained
by a strong solute effect on the melt convection
and by the variation of liquidus temperature as
function of interface composition. A first simula-
tion of the solute effect on the convection shows
that the thermally driven convection is rapidly
damped because the InSb rejected in the melt is

Sample Crucible Crucible Pulling Thermal
radius radius length rate gradient
R (m) R¢ (m) L (m) V (m/s) Gt (K/m)
0.006 0.008 0.215 1.1x107% 6000

\_7

{(((«

«

Ga,,In, Sh |

GaygIn,,Sb |

Fig. 1. (a) Vertical Bridgman configuration; and (b) drawing of the experimental marked solid-liquid interface during the growth
process of Gaj_,In,Sb (x = 0.1 and 0.2). The interval between two marks is half an hour. The GapsIng>Sb sample was solutally

destabilized after 5h of growth.
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solute at the solid-liquid interface leads to an
increase of the radial segregation. This phenom-
enon coupled with the dependence of the melting
point on the dopant concentration produces a
significant increase of the interface curvature.

In order to decrease the radial segregations, it is
expected that the convection intensity could be
increased by applying an alternating magnetic field
produced by a coil which surrounds the crucible
in the vicinity of the solid-liquid interface (see
Fig. la). The goal of this numerical study is to
quantitatively determine the required magnetic
field parameters for which an optimal con-
vective rtegime is established in the melt in
order to improve the chemical homogeneity of
GaggIng»Sb. The transient simulation of the heat
transfer, fluid flow and species transport under
electromagnetic stirring is performed by using the
commercial codes FIDAP® and FLUENT®.

2. Electromagnetic problem
2.1. Model

The alternating magnetic field induces electric

currents in the melt, which interact with the
applied magnetic field and create electromagnetic
forces that influence the fluid flow. The electro-
magnetic problem is solved by using the self-
developed module Induction-2d implemented in
the finite volume code FLUENT® [6]. The
distribution of the magnetic field in the conducting
liquid sample is described by the equation of
induction:
%—f:vmmsn%vﬁ (1
where u is the magnetic permeability and o the
electrical conductivity (oL = 105Q ' m~" for li-
quid GalnSb and the solid sample is considered
nonconducting:os ~3 x 10*Q ' m~!).

For the present problem, the magnetic Reynolds
and Prandtl numbers have low values
(Rem = URuoc~107% and Pry = vuo=107°), and
the term V x (ii x B) can be neglected in Eq. (1).

For an axi-symmetric problem with sinusoidal
variations in time, this equation written in terms of

the vector potential A4, reduces to two coupled
scalar equations for the real 4, and imaginary A4;
part of the complex amplitude of A:

AA; + powA; + pJ. — %: 0,

AA; — pyowA; — r—,‘ =0,

where J; is the current density imposed in the coil

and o = 2xnf,, is the electrical current pulsation.
The volumic electromagnetic force and heating

power density are calculated in the melt by

F=jxB, 2)
}'.3

=k 3

g==, 3)

where j = a(—04 /0t + i x B) is the electric cur-
rent density and B=VxA.

When the magnetic Reynolds number is low
compared to the shielding parameter R,, the
induced current caused by the fluid flow can be
neglected [7] and the current density in the melt
can be written in the simplified form: j=
a(—04 /o).

2.2. Analytical estimation

In a first step, the magnetic field parameters
(frequency and magnetic induction) are estimated
analytically in order to obtain an appropriate level
of convection in the melt with a minimum quantity
of heat released in the liquid sample.

The efficiency of the electromagnetic stirring
depends on the shielding parameter R, defined in
Ref. [7]

R\2
R, = 2(3) - 4)

where R is the characteristic length of the liquid
domain (sample radius) and

Uaw
is the thickness of the magnetic skin. An optimal
stirring of the melt is obtained for R, =30, i.e.
0~ R/4 [7], but this leads to high frequencies
(f = 100 kHz) for which the heating of the sample
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is not negligible. On the other hand, a skin larger
in the sample (6>2R, ie. f,~2kHz) gives a
negligible heating but also low velocities.

An optimum characteristic magnetic field am-
plitude By~1mT is computed from Eq.(6) in
order to obtain a value of the Alfven’s velocity one
order of magnitude higher than the buoyancy-
driven velocity [7]:

—Bﬂ—xlo_2 m/s.

ez

In the following the value of the magnetic
induction By is computed from the current
intensity by Nagaoka’s formula:

_ MNI
~ aHc’

where N is the number of turns, H¢ the height of
the coil and « is a coefficient which depends on coil
dimensions.

From those values of the magnetic field para-
meters (f, <100kHz, By=~1mT) a numerical
optimization is performed.

Up =

(6)

By (7

2.3. Numerical results

In a second step, a numerical optimization of
the magnetic field parameters is performed with

(a)

symmetry

(b)

C. Stelian et al. [ Journal of Crystal Growth 266 (2004) 207-215

FLUENT in order to simultaneously obtain a
negligible heat release and a sufficiently high melt
velocity.

The magnetic flux lines, the electromagnetic
force field and the resulting axi-symmetric flow in
the GalnSb liquid sample, computed by FLU-
ENT, are presented in Fig. 2. The radial compo-
nent of the electromagnetic force (F;) shows a
maximum corresponding to the middle vertical
position of the coil (see Fig. 2b). The magnitude of
the axial components of the force (F-) is generally
low but becomes significant in the vicinity of the
bottom surface which corresponds to a planar
solid-liquid interface. The fluid convection is
characterized by two toroidal vortices which rotate
in opposite directions (see Fig. 2c). The flow
intensity is higher for the bottom convective cell
with a maximum in the vicinity of the symmetry
axis. Calculations performed by varying the
magnetic induction By, show a classical depen-
dence gy ~ B(]]/ : (#4max is the maximum convective
velocity).

An analysis of the effect of frequency and
magnetic induction is performed and is found that
for a frequency f, = 5000 Hz and a magnetic
induction By = 2mT, the maximum value of the
velocity for the electromagnetic-induced convec-
tion is tmax =~ 1072 m/s, which has the same order

T

(c)

Fig. 2. Numerical results computed by FLUENT without buoyancy-driven convection (8y = 2 mT, f,, = 5000 Hz): (a) Magnetic flux

lines; (b) electromagnetic force field; and (c) velocity field.
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of magnitude than the maximum velocity of the
buoyancy-driven convection. In the following, all
numerical calculations are performed with this
frequency and By is varied around the 2 mT value.

For each solidification problem, in order to
simplify the method and allow reasonable compu-
tational time, the electromagnetic problem is
solved with FLUENT only once, for a simplified
geometry corresponding to the beginning of
growth with planar solid-liquid interface. The
computed axial and radial components of the
electromagnetic forces are fitted by using appro-
priate laws and introduced as momentum source
term in the FIDAP files. The functions used for
fitting are

F(z,r) = Fy e~ x((R=r)/d) e“":“:‘:mxh’ﬂﬂ‘ )

F.(z,r) = Fx e Filr=rmax)/R)2 e—ﬁ:f, (9)

where Fy and F.y are the amplitude of the radial
and axial forces components, respectively, Zpmaxis
the axial location of the radial force maximum,
rmaxis the radial location of the axial force
maximum and a;, o, f; and f, are coefficients
obtained by fitting the numerical results.

3. Influence of electromagnetic stirring on the
thermosolutal convection

3.1. Model

The thermohydrodynamic problem including
the electromagnetic forces and solute transport is
solved by using the finite element code FIDAP.
The axi-symmetric simulation is performed for the
sample-crucible system by applying the experi-
mental temperature measurements as boundary
conditions (see Ref. [4]). The time-dependent
equations which describe the heat, momentum
and species transport written in dimensionless
form are

ik * *

au = i * 3:
\/Gr(-g};—k uVu) =-Vp+V-i

— VGHT + fc Cy2, + F,
(10)

aT* * = L% ok
GrPr(at}‘= +L':'VT) =V*T+q, (1)
L W *
Vv Gr sc(aaf* +avc) =V*C, (12)

where the Grashof, Prandtl and Schmidt numbers
are defined by

2 3
_ P BrATyR M o H
= e 3 Pr—k, Sc—pD
and F is the EM volume force computed by
FLUENT (Egs. (8) and (9)).

The interface condition for the heat balance in
nondimensional form is given by

Gr

ks * *
(EVTis—VTh)ﬁ:,OSVA, (13)
where ks and kg are, respectively, the thermal
conductivities of the solid and liquid sample, pg is
the solid density, V' is the growth rate and A =
RAH /(ky, AT) is a dimensionless quantity which
includes the latent heat of fusion.

The mass balance at the solid-liquid interface in
nondimensional form is given by

1 * *® %
—VCli=((1-K)VC(, (14)
Pec L
where Pec = UR/D is the solutal Peclet number,
K is the segregation coefficient, V* = V /U is the
interface velocity scaled by the characteristic
velocity U and C*; is the dimensionless concen-
tration of solute in the melt at the interface.

A description of the physical model used for the
modeling of the three-zone Bridgman configura-
tion is given in Ref. [4].

The solutal effect on the melt convection and the
dependency of the melting point on the concentra-
tion are included in the present simulation. A
linear dependence of the melting point on the
interface composition has been used in the
numerical computation:

Tu(C) = TS - m.C, (15)

where Tg is the pure material melting point and
my, is the liquidus slope given by the GalnSb phase
diagram [8].

The electromagnetic forces introduced in the
FIDAP model have been obtained under
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simplified hypothesis. The computation of electro-
magnetic forces with FLUENT uses a planar
solid-liquid interface, while the growth interface is
curved. The interface shape is not likely to
influence very much the magnetic field and the
corresponding electromagnetic forces except
maybe close to the crucible—crystal-melt triple
line. _

Also, the FLUENT model considers a constant
liquid height, while the melt size is reduced during
the solidification. The characteristic dimension of
the flow cell which rises near the interface has the
same order of magnitude than the sample radius
R~ H¢ /2, where Hc is the coil length, so the melt
convection pattern is affected by the reduction of
the melt size only at the end of the solidification.

The mesh with 7500 quadrilaterals elements has
a node density increased in the vicinity of the
solid-liquid interface. The moving boundary
problem is solved by using the free-surface
technique. In this method the mesh is allowed
to deform during the computation in such a way
that the nodes at the solid-liquid interface are
at the melting temperature. For the transient
analysis, very small time steps, Az =0.1s, have
been used.

3.2. Numerical results

The evolution of the fluid low at the beginning
of solidification, obtained from the FIDAP
simulation without magnetic field, is presented in
Fig. 3. The thermal field is characterized by curved
isotherms in the vicinity of the solid-liquid inter-
face and in the upper zone of the crucible. It leads
to a thermal convection characterized by two flow
cells. The cell located at the solid—liquid interface
influences the solute distribution in this zone and
consequently in the solidified sample. Because the
InSb rejected at the solid-liquid interface is heavier
than GaSb, the solutal term in the momentum
equation has an opposite sign as compared to the
thermal source term (see Eq. (10)):

p = poll — Br(T — Tp) + Bc(C — Gy)l. (16)

Therefore, the thermally driven convection
which rises in the vicinity of the interface is
damped shortly after the start of the solidification,

(a) (b)

Fig. 3. Velocity field and isoconcentration lines for
Gagglng->Sb computed by FIDAP without magnetic field at
time: (a) = 1000s (maximum convective velocity umax =
103 m/s); and (b) t = 7000 s (Uyux = 1075 m/s).

because of the solutal effect (see Fig. 3). The
isoconcentration lines are distorted by the convec-
tion at the beginning of the solidification (Fig. 3a)
and become almost flat when the convection is
damped (Fig. 3b). The poor mixing of the solute in
the vicinity of the interface leads to an increase of
the radial variation of the solute concentration. In
addition, as a result of the dependency of melting
temperature on interface composition, the deflec-
tion of the melt—crystal interface increases during
the solidification.

By comparing Figs. 2c and 3b, it can be seen
that the electromagnetic stirring creates a con-
vective loop opposite to the thermal convection in
the vicinity of the interface. This counterbalancing
effect is studied by varying the magnetic induction
at the frequency f,, = 5000 Hz.

The quantity of heat released by Joule effect
in the liquid sample computed by FLUENT
(g= 0'|A|2co3/2), has been introduced as a constant
source term in the heat transfer Eq. (11) solved by
FIDAP. It is found that for the magnetic induction
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(a) (b) (c)

Fig. 4. Thermal and velocity field in the Gagslny>Sb liquid sample at time ¢ = 4000s for: (a) By =

Bo = 3mT (tmax = 107> m/s); and (¢) By = 5mT (tmax = 4.5 x 1073 m/s).

213

mT (tmax =5 x 1074 m/s); (b)

values used in our computation (By = 2~35mT), The thermal and velocity field computed
the effect of the heat released on the solid-liquid at different values of magnetic field amplitude
interface position is negligible. are presented in Fig. 4. For By=2mT, the
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electromagnetic source term and the buoyancy
term have the same order of magnitude and the
melt convection is rapidly damped (see Fig. 4a).
The thermal field is not influenced by the electro-
magnetic stirring but the deflection of the solid-
liquid interface increases because of the convection
damping (f~4.5mm). The radial nonuniformity
of the concentration field is described by the radial
segregation formula: 8C = (Cpax — Cmin)/ Cavs
where Chax, Cmin and C,, are, respectively, the
maximum, minimum and radially averaged inter-
facial concentration. The value computed at time
t=4000s is 6C = 0.05 and increases during the
solidification. So, in this case the electromagnetic
stirring is not efficient.

When the magnetic field amplitude is increased
to By = 3mT, the resulting velocity and thermal
field are shown in Fig. 4b. The maximum value of
the convective velocity is #max 107> m/s which
indicates a well-mixed regime in the melt. The
radial segregation is maintained at low values,
0C=0.02, during the solidification process. If the
InSb concentration is greater close to the crucible
wall than in the center, then the dependence of
melting temperature on the composition leads to a
slight decrease of the interface curvature
(f *3 mm). Because radial segregation is main-

tained at low values during the growth process, the
increase of interface deflection due to the solutal
effect is negligible. Then the excessive increase of
the radial segregations and interface curvature
observed in experiments [3] can be avoided. The
thermal field is slightly distorted by the strong
convection but at this intensity of the flow the
effect on the interface shape is small.

The flow and thermal field computed for a
magnetic induction By = 5mT are shown in Fig.
4c. The convective intensity is increased
(Umax = 4.5 x 103 m/s), but this has a strong
effect on the thermal field and the interface
deflection increases: fa4.l mm. Therefore, this
magnetic field intensity is too high and produces
an increase of the interface curvature and also the
heating of the liquid sample because of Joule
effect.

Then, the intermediate value of magnetic field
intensity, By = 3 mT, is more appropriate for the
radial homogenization of the solute at the solid—
liquid interface. The transient simulation per-
formed for a solidified length of 2cm shows that
the radial segregation is maintained at lower
values as compared to the case when the solidifica-
tion occurs without magnetic field (see Fig. 5). The
interface deflection is reduced where the magnetic

0.40- 0802

08 02

Ga,_ In_ Sb growth without magnetic field
————— Ga, In_Sb growth with magnetic field (B=3mT.f =5000 Hz)

0.35-
0.30—'
0.25—-
0.20—-

0.154

radial segregation AC

0.10-

0.05-

0.00——m 1

solidified length(mm)

Fig. 5. Comparison of results obtained without and with magnetic field (By = 3 mT, f;; = 5000 Hz) for the radial segregation.
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field is applied but still increases because of a
decrease of the thermal conductivity of the crystal
when InSb is incorporated in the solid. In order to
reduce the interface curvature due to the mismatch
between the thermal conductivities of the melt and
crystal, a crucible made of silica could be
preferably used for the experiments.

4. Conclusions

The numerical simulation of solidification of
concentrated Gagglng,Sb alloy shows a strong
solute effect on the melt convection. The damping
of the fluid flow at the beginning of the solidifica-
tion leads to an increase of the radial variation of
[nSb concentration at the solid-liquid interface
and also to an increase of the interface curvature.
In order to avoid these phenomena, the melt flow
intensity can be increased by applying an alter-
nating magnetic field in the region of the solid—
liquid interface.

A set of numerical simulations have been
performed by varying the magnetic field para-
meters in order to obtain an appropriate level of
convection with a minimum quantity of inductive
heat released in the liquid sample. Too high
intensities of the melt convection must be avoided
because in this case the thermal field in the sample
is strongly deformed by the fluid flow and the
interface curvature increases. The lower magnetic
field amplitude must also be avoided because the
rapid damping of the melt convection leads to a
strong increase of the radial segregation and
interface deflection. The optimal parameters of
the magnetic field carried out from the simulation
are By = 3mT and f,, = 5000 Hz. A crucible made
of silica with a low thermal conductivity can be

used in order to further reduce the interface
curvature. In this case the radial segregation and
the interface deflection are maintained at accep-
table values during the solidification process. An
experimental work on the concentrated GalnSb
alloy solidification will be performed by using a
vertical Bridgman furnace modified and equipped
with an electromagnetic coil.
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Abstract

Vertical Bridgman crystal growth of concentrated Ga,_,In,Sb alloys is in general difficult because of large chemical
segregations which occur during the solidification process. From experimental works and numerical simulations, it is
found that the melt convection is damped by the accumulation of the heavy InSb solute rejected at the interface. This
leads to a significant increase of the interface curvature and radial segregations in the case of GalnSb crystals (10% and
20% In concentration). By using alternating magnetic fields produced by a coil placed around the crucible, the level of
the convection can be increased in order to obtain a good mixing of the solute near the solid-liquid interface and to
avoid the large chemical segregations. Numerical simulation is used in order to compute the magnetic field parameters,
and for the optimization of the coil dimensions and position related to the solid-liquid interface.

In order to solve simultaneously the electromagnetic and thermo-hydrodynamic problem, including species transport,
a self-developed module which is able to solve the magnetic induction equation, has been introduced in the FIDAP
commercial code. From the simulation, it is found that the coil position related to the interface has a significant
influence on the electromagnetically induced flow. Based on these simulations, an optimal Bridgman configuration
equipped with an electromagnetic coil is proposed in order to mix the solute near the interface and to avoid the
excessive increase of chemical segregations and interface curvatures.
© 2004 Elsevier B.V. All rights reserved.

PACS: 64.70.Dv: 07.05.Tp

Keywords: Al. Computer simulation; Al. Directional solidification; Al. Magnetic fields; Al. Segregation; A2. Bridgman technique;
B2. Semiconducting III-V materials

*Corresponding author. Department of Physics, West University of Timisoara, Bd.V.Parvan, No. 4, 1900 Timisoara, Romania.
E-mail address: carmen_stelian@yahoo.com (C. Stelian).

0022-0248/% - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jcrysgro.2004.11.222



el572 C. Stelian et al. | Journal of Crystal Growth 275 (2005) el571-el578

1. Introduction

GalnSb is an important material for optoelec-
tronic applications like thermophotovoltaic cells
or photodetectors. The use of this material as
substrate for the thermophotovoltaic cells necessi-
tates low band gaps which correspond to highly
In-doped alloys. But experimental works on the
concentrated Ga;_,In,Sb (x =0.1 and 0.2) alloy
solidification, show a poor quality of the crystals
because of large chemical segregations, which
induce morphological destabilization of the crys-
tal-melt interface [1,2].

These phenomena have been numerically inves-
tigated in Refs. [3,4], where the solutal effect on
the melt convection and interface curvature has
been analyzed for the solidification of GalnSb
10% and 20% concentrated alloys. From the
numerical modeling it is found that the solute
(InSb) rejected at the solid—liquid interface, damps
the thermally driven convection in this region.
Because of the poor mixing of the solute, the
variation of the InSb concentration in the melt
along the interface increases, with the maximum
on the sample axis. As a consequence, the melting
point on the sample axis decreases more than on
the sides, and the interface curvature increases.
These phenomena are amplified during the solidi-
fication process, with large chemical segregations
and interface curvatures as result, finally leading to
interface destabilization.

The use of alternating magnetic fields is
proposed in Ref. [5], in order to increase the level
of the convection and to mix the solute near the
interface. The magnetic field parameters (magni-
tude and frequency) were computed by using
numerical modeling, in order to obtain a good
electromagnetic mixing of the solute at the inter-
face, with a minimum of heat released in the melt.

In this paper, the numerical model used in Ref.
[5], where two commercial codes FLUENT and
FIDAP were used for the simulation of the
electromagnetic and respectively the thermo-hy-
drodynamic problem, is improved. A self-devel-
oped electromagnetic module has been introduced
in the FIDAP code, in order to solve simulta-
neously the electromagnetic and thermo-hydro-
dynamic problem including solute transport. This

module is able to solve the magnetic induction
equation and to compute the electromagnetic
forces, as well as the induced convection and heat
released in the liquid sample. By using this
numerical model, a better optimization of the coil
dimensions and position related to the interface is
possible. The effect of the heat released by Joule’s
effect on the thermal field and interface shape is
also analyzed.

2. Model description

The numerical modeling is performed for a
vertical Bridgman configuration with one single
heating element (see Fig. 1). The electromagnetic

crucible -
ol melt
furnace -
crystal

-

Fig. 1. Vertical Bridgman configuration with one single tapered
heating element.
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coil surrounds the crucible in the vicinity of the
solid-liquid interface. The crucible is pulled with a
constant velocity V' = lpum/s in a thermal field
roughly characterized by a constant axial gradient
Gt =50K/cm. The Ga;_,In,Sb sample has a
radius R =0.6cm, the length L =6cm and an
initial solute concentration Cy = 20%.

The axi-symmetric domain of the simulation
contains the sample, the boron nitride crucible, the
coil and the surrounding space, with dimensions
10cm x 10cm. The mesh with 12000 quadrilateral
elements has an improved density of nodes in the
sample-crucible system. The transient modeling,
which involves the moving solid-liquid interface is
performed by using the deformable mesh FIDAP
technique. In this technique the interface is defined
as a free surface at the solidification temperature
which can move and change the shape during the
solidification process. Study of the effect of grid
refinement has been performed and show that
same numerical results for the thermal, velocity
and solutal field in the sample are obtained,
provided that an excessive increase of nodes
density near the interface is avoided, because in
this case the convergence of the free surface
problem is not achieved.

The governing equations of heat, momentum
and solute transport under magnetic field are

oT
pCp(—5;+ WT) = kV?T + Qgwm» (1)
o 5 9,
p [E + (W)u] = — Vp+ uVii
+ pgll — (T — T))
+ Bc(C — Co)l + Fem, (2)
¢ +#@VC = DV>C. (3)

The solutal effect on the melt convection and on
the solidification temperature is taken into account
in the simulation. The volumic electromagnetic
force in Eq. (2) is given by

Fem =7 x B. 4

The electromagnetic heat released in the melt
QOpym =j*/0 is introduced as thermal source term
in Eq. (1). The current density j and the magnetic

induction ? are expressed as function of the vector
potential A4, by the following relations:

s o4 -
j:g(—§+ﬁx3), (5)

-

B=VxA, (6)

where ¢ is the electrical conductivity of the liquid
sample (6 = 107°Q "' m™).

In our case, the magnetic Reynolds number is
low (Rem = URuo = 107°), so the term & x B can
be neglected in the Eq. (5).

The distribution of the electromagnetic field is
computed by solving the magnetic induction
equation written in terms of the complex vector
potential A(7) = Ae~, as follows:

V24 —iwpcd + pJc =0, (7N

where J¢ is the current density in the coil and  is
the electrical current pulsation.

Eq. (7) is solved by using a self-developed
module introduced in FIDAP. The electromag-
netic forces are computed from the relation (4),
where the induced currents density j and the
magnetic induction B are obtained from Egs. (5)
and (6), respectively.

The thermal boundary conditions on the ex-
ternal wall of the crucible are modeled as
convective:

—kVT = hT — T'eer),

where a linear profile of the reference temperature
T'r have been considered in agreement with the
experimental measurements of the temperature
field in the Bridgman furnace.

An effective heat transfer coefficient which
includes the heat transfer by radiation has been
computed by using the formula

heir = 4ea T3,

where ¢ is the emissivity, ¢ the Stefan-Boltzmann
constant and T,, is the average temperature
estimated at 950 K. From the above formula, a
value her &~ 100 W/m? K is obtained.
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3. Numerical results

The numerical optimization performed in Ref.
[5] by using the finite volume code FLUENT, in
the case of a planar solid-liquid interface, has
shown that a good mixing of the solute near the
interface is obtained for a magnetic field amplitude
By = 3mT and frequency f,, = 5000 Hz, where By
is computed from Nagaoka’s formula as function
of effective current intensity 7, number of turns N,
coil length H¢- and geometrical coefficient a:

_ NI
- DCHC ’

In this case the magnetic skin thickness is d &~ R,
where 6 is given by

[ 2
b=\l ow ©)

The electromagnetically induced convection is
characterized by two opposite flow cells. For the
lower one, which appears near the interface, the
fluid circulates in the opposite direction as the
thermally driven flow. For these optimal magnetic
field parameters, the heat released in the melt by
Joule’s effect has no significant influence on the
thermal field in the sample. Calculations with a
frequency of 10kHz give same results.

The analysis performed in [5] is extended in the
following by using the FIDAP electromagnetic
module which gives the opportunity to investigate
the correlation between the interface shape, coil
position and the electromagnetically induced flow.
The effect of heat released in the melt is also
analyzed for the frequencies between 5 and
10 kHz. A steady state electromagnetically calcula-
tion performed with both FLUENT and FIDAP
electromagnetic modules gives results in reason-
ably agreement, considering the accuracy generally
obtained in this kind of numerical simulation.

)

0

3.1. Effect of the coil position and dimensions on
the electromagnetic stirring

The numerical simulation is performed for the
experimental Bridgman configuration, which has
one single heating element. The coil length is H¢ =

2cm. In the experimental set-up, the coil is placed
between the furnace and the crucible, and its
position relatively to the furnace does not change
during the growth process. But during the solidifica-
tion, because of the difference between the interface
velocity and the crucible pulling rate, a displacement
between the interface and the coil position occurs.

To study the effect of this displacement, the full
set of Egs. (1)<(3) and (7) is solved including the
influence of chemical composition on the solidifi-
cation temperature. The magnetic field parameters
are By =4mT and f, = 5000 Hz. In Fig. 2a, the
effect of the electromagnetic stirring on the
thermo-solutal convection in the liquid sample is
shown when the interface position corresponds to
the coil bottom. The flow field has a two cells
structure with a maximum velocity Umax = 3 %
10~3m/s for the convective cell located near the
interface. If the interface position advances to the
coil’s middle (Fig. 2b), the intensity of the
convective loop which rises near the interface is
reduced progressively. In this case the electromag-
netic force maximum is located at the interface and
one single counterclockwise flow cell rises in the
melt. Because the solute is not mixed on the
sample axis, near the interface, the damping
solutal effect is observed in this region. This leads
to the increase of the radial segregation and
modification of interface curvature and shape, so
the electromagnetic stirring is not efficient. In
order to avoid this effect, the length of the coil can
be increased to 3 cm. In Fig. 2c, the case when the
interface is situated below the coil, at 0.5cm
distance, is analyzed. The two structure of the
flow field is maintained with a good mixing of the
solute near the interface.

Then, the optimal electromagnetic stirring is
obtained when the interface position at the
beginning of the solidification corresponds to the
coil bottom. In this case, if the growth rate is
reduced because of the solutal effect, the two cells
structure of the flow pattern is conserved all along
the solidification process.

3.2. Effect of the electromagnetic heating

The heat power volumic density released by the
Joule effect in the liquid sample is computed by
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(a) (b)

(c)

Fig. 2. Effect of electromagnetic stirring on thermo-solutal convection in the liquid GagsIng>Sb sample in the case of: (a) interface
position corresponding to the coil bottom; (b) interface position corresponding to the coil middle; (c) interface is located 0.5 cm below
the coil bottom. The magnetic field parameters are: By = 4mT, f,, = SkHz, and the coil length is H¢ = 2cm.

using the formula

ocw?|Al?
Oem = %
Because of the skin effect, the quantity of heat
released in the melt near the crucible is greater
than on the sample axis. This effect may have an
influence on the shape of the solid-liquid interface,
and is numerically investigated by varying the
electrical current frequency between 5 and 10 kHz.
In the Fig. 3, the thermal and flow fields are
presented near the solid-liquid interface for: (a)
By =4mT, f, =5kHz and (b) By =4mT, [, =
10kHz. The results obtained when the electro-
magnetic heat Oy, is introduced as thermal source
term in the heat transfer Eq. (1) are compared with
the case when this term is neglected Qgy = 0. In
the both cases, f, =5kHz and 10kHz, no
significant influence of the Qpy term on the
thermal field is observed, confirming the results

obtained with the simplified numerical model used
in [5].

As is shown in the Fig. 3, in the case of f, =
5kHz magnetic field, the intensity of the convec-
tion in the wvicinity of the interface
(max = 3 x 1073 m/s) is greater than in the
case of the f,=10kHz magnetic field
(Umax =4 x 107*m/s). As a consequence, the
thermal field is more deformed by the convection
in the first case, and the interface curvature is
greater in the Fig. 3a (f = 2.9 mm) than in the Fig.
3b (f = 2.4mm). So, the shape of the isotherms is
more affected by the convection than by the
electromagnetic heating.

3.3. Effect of the electromagnetic stirring on the
solute distribution and interface deflection

From the transient modeling of thermo-hydro-
dynamic problem including the solute transport
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(a)

VELOCITY
0.181E-82
2.

(b)

Fig. 3. Thermal and flow fields in the melt near the solid-liquid interface in the cases Opy =0 and Qgy #0 for: (a) By =4mT,
fow=5kHz, Hc =2cm; (b) By =4mT, f, = 10kHz, He = 2cm.
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and the magnetic field effect, it is found that the
solutal damping of the melt convection is reduced
in the case of the alternating magnetic field use. In
the Fig. 4 the experimental data for the axial,
radial distribution of In and the interface deflec-
tion for a Gagglny>Sb alloy grown at ¥ = 1um/s
pulling rate without magnetic field [1] are com-
pared with the numerical results in the case when
the solidification occurs under magnetic field
(By =4mT, f, = 5kHz). It should be noted that
the numerical simulation without magnetic field
gives results in good agreement with the experi-
mental measurements [6].

The solidification is started for an interface
position which corresponds to the coil bottom. It
can be observed that the axial and radial segrega-

el577

tion (0C = (Crax — Cmin)/ Cay) are maintained at
lower values for the first 6 mm solidified length.
Due to the modification of the velocity field an
accumulation of the solute is found after these
6mm growth. This induces a damping of the
convection and an increase of the axial and radial
segregation. At the beginning of growth, the
interface is curved because of electromagnetic
stirring which deforms the isotherms, but the
interface deflection is maintained constant
(f =~ 3.5mm) on the first 6 mm solidified length
(see Fig. 4c). After the damping of the melt
convection, the interface deflection increase be-
cause of the solutal effect.

In order to avoid the solutal damping effect, the
magnetic field induction can be increased at By =

Gay ging ,Sb solidification

—=—without ti fleld: data

Gay ying ,Sb solldification 1.0+ with magnetic field (B=4mT, {,=5 kHz): numerical results
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Fig. 4. Comparison of experimental data [1] obtained in the case of Gagglny,Sb solidification at ¥ = 1 um/s pulling rate without
magnetic field and numerical results obtained for By = 4mT, f,, = 5kHz: (a) axial distribution of the solute in the solidified sample; (b)
radial segregation as function of solidified length; (c) evolution of the interface deflection during the solidification.
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SmT after a growth distance of 5mm. The
numerical results presented in Fig. 4, show that
in this case the chemical segregations are main-
tained at low values and the interface deflection
remains almost constant (f & 4mm). So, in order
to avoid the solutal damping effect along the
solidification process, a magnetic induction in-
crease of about 1 mT, every 5 mm solidified length,
shows necessary.

4. Conclusions

The use of alternating magnetic fields in order to
mix the solute near the solid-liquid interface and
to avoid the excessive increase of the chemical
segregations and interface curvature during ver-
tical Bridgman solidification of GalnSb concen-
trated alloys, is numerically investigated. A self
developed module has been introduced in the
FIDAP commercial code in order to solve
simultaneously the electromagnetic and thermo-
hydrodynamic problem including species transport
and interface deformation.

The numerical analysis is performed for the
optimal parameters of the magnetic field: By =
4mT and f, = 5kHz. It is found that, the inter-
face position relatively to the coil can have a
significant influence on the flow pattern in the
melt. The convection intensity decreases near the
interface, when the solidification front moves to a
position corresponding to the coil middle, and in
this case the one cell induced flow is not efficient
for the solute mixing. In order to maintain the two
flow cell structure, the solidification process must
be started when the interface position corresponds
to the coil bottom. Also, the coil length can be
increased. The analysis of the electromagnetic
heating of the liquid sample shows no significant

effect on the thermal field and the interface shape,
even when the electrical current frequency is
increased to f,, = 10kHz.

From the transient numerical analysis it is found
that the axial and radial segregation can be
maintained at lower values during the whole
growth process if the magnetic field intensity is
progressively increased during the solidification. In
this case the interface deflection is also maintained
at reasonably constant values.
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ANNEXE B : Propriétés physiques des alliages GalnSb

masse volumique

capacité calorifique

conductivité thermique

chaleur latente

coefficient d’expansion thermique
coefficient d’expansion chimique
température de solidification (GaSb)
viscosité

diffusivité chimique

coefficient de partage

pente du liquidus

conductivité électrique

Propriétés physiques du creuset en BN

masse volumique

capacité calorifique

conductivité thermique

ps =5.6x10°kg -m™

p, =6.06x10°kg-m™

cps =03x10° T -kg' K™

¢y =0.33%x10°J kg™ K™

kg =(7.8-0.12-C)W -m™' K™
k, =17.1W -m™ K™

AH =3.13531x10°J -Kg™

By =107 K™

B =8x10"mol%™

Ty =980K
u=2242x10"kg-m™" s~
D=(12-0.03-C)x10%m*-s™", C<50%
K=02

m, =1.3K -mol%~"' C<10%
m, =1.7K -mol%™" C>10%

oc=10°Q™" -m™

3

pe=1.9%x10°kg -m"

Cpe =1.85x10°J - kg™'K ™

o =30W -m 'K
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