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Abstract
Numerical simulations of the horizontal Bridgrnan solidification process are performed for a rectangular cavity
filled with a low Prandtl concentrated alloy. Interesting information about the influence of the concentration on the
flow and on the dopant distribution in the melt and in the crystal is obtained. Two cases are considered: the first
deals with buoyancy driven flows in confined cavities and the second with surface tension driven flows in open
cavities. The effects of the solutal Grashof (Gr~),the solutal Marangoni (Ma~)and the Schmidt (Sc) numbers are
described for an aspect ratio A = 4 (A = L/H where L is the length and H is the height of the cavity), a
segregation coefficient k = 0.087 (corresponding to an alloy of Ge—Ga or GaAs—In), a growth rate Vf = 2.7 i0~
rn/s and a Prandtl number Pr = 0.015. The results related to macrosegregation are shown when half of the cavity is
solidified. For the confined cavity, depending on the relative densities of the alloy constituents, the solutal buoyancy
forces may either augment (Gr~> 0) or oppose (Gr~ 0) the thermal buoyancy forces. The consequent changes of
the flow will affect the crystal quality, particularly for Gr~ 0 where a solutal counter-rotative roll may appear. A
similar behaviour is observed for the open cavity. Nevertheless, in this case, the changes affecting the flow and
consequently the crystal structure have different characteristics. A very attractive phenomenon is the sudden
expansion of the solutal counter-rotative roll. For this latter case a qualitative agreement is found between the
numerical prediction and the experimental results of Tosello.

1. Introduction
Solidification of multicomponent substances is
often accompanied by thermosolutal convection
resulting from buoyancy and/or capillary forces,
These convective motions create a large redistribution of the dopant resulting in a non-homoge________
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neous crystal [1,21. This so-called macrosegregation effect is undesirable because it affects the
crystallographic quality of the obtained semiconductor; therefore many ways to reduce it are
investigated (adequate choice of the operating
parameters, use of a magnetic field [3], furnace
configuration and ampoule design, etc.). Because
of the difficulties met when studying the solidification experimentally, mathematical models, flumerical simulations and scaling analyses have
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been developed to investigate the influence of
convection on macrosegregation especially for dilute alloys [4—8].
The horizontal Bridgman configuration, which
we consider here, has not been much studied in
the case of concentrated alloys. Experimental results are available for open cavities with the upper surface subject to a surface tension [9]. In the
present study, the influence of the operating parameters (for confined or open cavities) on convection and macrosegregation is established using
a laminar model for cavities filled with a low
Prandtl number (Pr 0.015) concentrated alloy,
For the confined cavity, the solute boundary layer
extent is estimated by adjusting the profiles giving
the longitudinal segregation obtained numerically
and those obtained analytically by Favier [10,11].
A comparison with the experimental results of
Tosello [9] is then presented for the open cavity.
=

The governing equations, the boundary conditions and the numerical procedure are given in
Ref. [61.

3. Results
All the simulations were performed for an
aspect ratio of 4, a Prandtl number of 0.015, a
segregation coefficient of 0.087 and a growth rate
of 2.7 X iO-~m s~.The results are presented by
the plot of the streamlines in the liquid phase and
the dopant iso-concentration lines in the crystal
and in the melt. To obtain more information on
the crystal quality and on the interference of the
convective flow with the dopant distribution, we
use the following variables:
CSav

=

f’c~(x,S) dx,
0
CSmax(X,

2. Mathematical model

S)

S)

~CSmin(X,

=

CSav

We consider a rectangular finite cavity of
height H and length L (see Fig. 1 of Ref. [6];
A L/H is the aspect ratio), filled with a low
Prandtl number Newtonian fluid with constant
physical properties except for the density which
obeys the classical Boussinesq law:
p=po[1—13(T—T0)+a(C—C0)],

as the diagnostic indicators for the longitudinal
and the radial segregation along the crystal axis.

=

where f3 and a are the thermal and the solutal
volumic expansion coefficients respectively. We
also assume that the solid—liquid interface is planar and moving at a constant velocity Vf. The
segregation coefficient k is constant and equal to
its equilibrium value. Thus, along the solid—liquid
interface, we have the following relationship between the concentration in the liquid C~and the
concentration in the solid C~:C~ kC1.
For the case of the cavities with a free surface,
the capillary tension is assumed to be a linear
function of temperature T and concentration C:
u=cr0[1—y(T—T()) ~L(C_Co)],

3.1. Confined cavities
3.1.1. Solutal effects enhancing thermal effects (Gr~
O)
In this case the solutal buoyancy forces augment the thermal buoyancy forces. The thermal
Grashof number is set equal to 100 and the
Schmidt number equal to 10. Investigation of the
flow structure shows that it remains unicellular
for the considered values of the solutal Grashof
numbers (Gr~ 1000), but when Gr~is large the
centre of the vortex is located closer to the growth
interface indicating that the flow intensity is more

=

where
1

a0-

cr0 ~T

1
IL

=

—

cT0

a0~

important in this part of the cavity because of the
adding
effect ofcomponent
the solutal of
gradients.
The profile
of the vertical
the velocity
in the
middle of the cavity (u(x
finding(seeFig. 1).

=

0.5, y)) confirms this

Concerning macrosegregation, we may notice
from the iso-concentration fields (Fig. 2b, the
melt composition is on the left-hand side and the
crystal composition is on the right-hand side) that
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Fig. 1. Evolution of the vertical component of the velocity for
different solutal Grashof numbers (Gr
1 = 100 and Sc = 10).

there is no significant difference from the pure
thermal case (Fig. 2a). Nevertheless, from Fig. 3a,
where is displayed the longitudinal segregation
along the crystal axis, we may remark that the
crystal contains less global dopant quantity when
the solutal Grashof number Gr~is increased from
0 to iO~.This is due to a more important flow
intensity which carries more dopant away from
the growth interface. The radial segregation is
also affected (cf. Fig. 3b) and we can distinguish
globally two stages. In the first corresponding to
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Fig. 3. Evolution of the average concentration (a) and the
radial segregation (b) along the crystal axis for different
solutal Grashof numbers (Gr1
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Fig. 2. Iso-concentration lines for S
Sc = 10).
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on Gr~.For example, for Gr5= 200, 500 and iO~
the level of radial segregation begins to decrease
respectively for i~ 1.64, 1.38 and 1.12. This behaviour may be attributed to the establishment of
a well-mixed regime which reduces the level of
radial segregation by rendering the melt more
homogeneous along the growth interface.
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From the plot of the dimensionless solute
boundary layer extent 4 ~/~d (~d D/vf) as a
function of the solutal Grashof number (Fig. 4), it
is clear that 4 decreases when Gr5 increases.
This trend of 4 indicates that the role of convection in mass transport is becoming non negligible.
=
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Fig. 4. Evolution of the dimensionless solute boundary layer
extent as a function of the solutal Grashof number.

Gr5 ~ 100, the radial segregation is augmented
during the whole solidification process and also
when Gr5 is increased. In the second stage, for
higher Gr5, the radial segregation is augmented
only at the beginning of the solidification process
and then goes down when the crystal length
reaches a certain value which is found to depend

(a)

•1
_

(b)

=

3.1.2. Solutai effects opposed to thermal effects
(Gre 0)
In this case, the solutal buoyancy forces oppose the thermal buoyancy forces. The thermal
Grashof number is maintained equal to 100 and
the Schmidt number equal to 10. An examination
of the flow structure given in Fig. 5 indicates that
for low absolute values of the solutal Grashof

(c)
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Fig. 5. Stream lines for S = 3, 5 = 2 and different solutal Grashof numbers: (a) Gr, = —50, (b) Gr,
Gr, = —1000 (Gr~= 100 and Sc = 10).
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Fig. 6. Evolution of the flow structure during the solidification process for (a) S
S = 2.4 and (f) S = 2.0, (Gr~= 100, Gr
5 = —200 and Sc = 10).

number corresponding to dilute alloys (—50
Gr5 0) (Fig. 5a) the flow remains unicellular
during the considered solidification process (the
solidification of half of the cavity). Nevertheless,
the investigation of the vertical velocity at the
centre of the cavity x 0.5 for Gr5 —50 shows
an attenuation of this velocity component near
the solid—liquid interface in comparison with the
pure thermal case. This makes evident the fact
that the opposing effect of the solutal gradients
slows down the flow intensity, especially near the
growth interface where solutal gradients are more
significant. When I Gr~ is increased sufficiently, a
second eddy generated through the solutal effects
develops during the solidification process. This
eddy appears earlier and earlier as the value of
I Gr~I is increased. For example, for Gr~ 1000,
these solutal effects become rapidly dominant
and the extent of the solutal eddy is already more
important than that of the thermal one when one
quarter of the initial melt is solidified. When half
of the initial melt is solidified, the whole melt
area is occupied by the solutal vortex (Fig. Sd).
The evolution of the flow structure during the
solidification process and1’max
theand
intensity
flow
I hjtmin of
I fortheGr~
given
by
the
values
of
~
100, Gr
5 —200 and Sc 10 are displayed re=

=

=

—

=

=

=

=

3.8, (b) S = 3.4, (c) S = 3.0, (d) S

=

2.8, (e)

spectively in Fig. 6 and Fig. 7. It is clear from Fig.
6 that the counter-clockwise cell generated by the
solutal gradients, extends gradually while the
thermal cell shortens during the solidification
process. The intensity of the thermal cell represented by ~Pm~ decreases, while the intensity of
the solutal cell represented by I ‘Pmin increases,
indicating that the solutal effects become more
and more important during the solidification process (see Fig. 7). In this case, however, they
remain less strong than the thermal effects for
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the considered fraction solidified (i.e., for x 2,
~‘~‘max 0.17 and I
I 0.11).
From Fig. 8, where are displayed the iso-concentration lines, we can see that for low values of

tion is essentially made by diffusion. This result is
also visible on the curves giving the evolution of
the radial segregation along the crystal axis (see
Fig. 9a) which for Gr5
200 and Gr~ —500

I Gr5 I

present a minimum corresponding to that particular stage of the solidification process. In Fig. 9b,
where is given the evolution of the average concentration along the crystal axis, we may notice
that the solutal slowing down effects on the flow
intensity enrich the crystal when 100 Gr5 0
(thermal effects dominated flow). Nevertheless,
when Gr5
500, the flow becomes dominated
by the solutal effects and an increase of I Gr, I
augments the convective motion intensity resulting in a progressively poorer crystal.
The evolution of the dimensionless solute
boundary layer extent 4 as a function of I Gr~I,
displayed in Fig. 10 presents a maximum around

=

=

=

(—50 Gr5 0) there is no important difference with the pure thermal case (Fig. 2a). For
larger values (Gr5
200), we remark that the
orientation of the dopant iso-concentration lines
in the crystal is changed by comparison with the
pure thermal case when the length of the crystal
exceeds a certain value. This behaviour is principally due to the modification of the flow structure
mentioned above. This change of the orientation
occurs at the solidification stage for which solutal
and thermal forces counter-balance near the interface. At this precise stage of the solidification
process, the corresponding vertical iso-concentration line may indicate that the dopant distribu—

=

—

=

—

—

(a)

\~\~
~4OL\\~
(b)

(c)
Fig. 8. Iso-concentration lines for S
(Gr, = 100 and Sc = 10).
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more easily in the melt near the growth interface.
The second part of the curve (IGr5 I IGr5 I Cr)
shows a decrease of 4 when IGr. I increases. This

40

may be explained by the change in the flow
behaviour. As a matter of fact, when IGr. I is
increased enough, the flow in the vicinity of the
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3.1.3. Influence of the Schmidt number
When the Schmidt number is increased the
concentration gradients adjacent to the growth
interface become more important. Thus, we may
expect that for fixed thermal and solutal Grashof
numbers, the concentration gradients will have
relatively more effect on the flow structure. As a
matter of fact, investigation of the flow structure
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Fig. 9. Evolution of the radial segregation (a) and the average
concentration (b) along the crystal axis for different solutal
Grashof numbers (Gr~= 100 and Sc = 10).

I Gr5 I

200 (we designate by I Gr5 I Cr the critical
value). In the first part of this bell-shaped curve
(0 I Gr5 I
(I Gr~I Cr) the solute boundary layer
extent increases with increasing I Gr5 This behaviour is due to a weaker flow intensity allowing
the dopant rejected from the crystal to diffuse
=

.

gradients appears earlier during the solidification
process for high Schmidt number mixtures. For
Sc 1, the flow remains thermal effect dominated (unicellular until the solidification of half
of the initial melt), for Sc 10, the concentration
gradients generate a little cell by the growth
interface when almost half of the initial mixture
is solidified and for Sc 50, a cell is already
generated when almost one quarter of the initial
mixture is solidified. The sensitivity of the dopant
distribution to convection may be also observed
from the investigation of the iso-concentration
lines. For Sc 50, the solute transport by convection results in a distorted concentration field with
gradients localized near the interface. The solutal
cell is then also distorted and remains localized in
the domain near the interface. In the crystal, as
Sc increases, the dopant distribution departs from
the diffusion-controlled regime characterized by
=

=

=

=
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3.2. Open cavities
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Fig. 10. Evolution of the dimensionless solute boundary layer
extent as a function of the solutal Grashof number,

We consider an open cavity, with a flat free
surface subject to a capillary tension resulting
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from thermal and solutal gradients. First, our
interest is focused on the case where the thermal
and solutal effects are opposed (Ma,> 0) for
fixed temperature gradient and growth rate. The
thermal Marangoni number Ma1 is set equal to S
and the Schmidt number Sc equal to 10. For
weakly concentrated alloys (Ma~ 10) the flow is
unicellular and keeps roughly the same structure
as in the pure thermal case (dilute alloy grown
under the same thermal conditions) (Fig. ha),
For larger Ma~values (i.e. Ma~ 25, Fig. lic),
the flow becomes bicellular during the growth
process with the creation of a counter-rotative
solutal cell which appears earlier and earlier as
Ma~is increased and which finally settles as an
unique cell (Fig. lid). This behaviour has been
pointed out by the experimental results of Tosello
[9] who observed that the tendency for the inverted flow to appear near the solid—liquid interface increases with the concentration level of the
alloy. Figs. 12a—12e, where for Ma~ 20 are given
the flow structure at selected instants during the
solidification process, describe the development
of the second cell which is initiated at the top of
the growth interface. The convection in the melt
is generated by the capillary force
=

=

along the free surface. We may notice that the
thermal contribution
F

=

—

-~- ~

.~.!.

S Pr By
is constant (Pr F1 —5) because of the constant
thermal gradient imposed by the heating facility
and the low value of the Prandtl number. As
illustrated in Fig. 13, F presents two maxima.
The first is located at the growth interface because, due to the solute rejection, Bc/By reaches
its maximum at this point of the fluid surface.
The second is located at the border between the
thermal and the solutal rolls and corresponds to
an accumulation of the dopant transported by the
weak solutal motion which has begun to develop
by the growth interface. Beyond this second peak,
in the zone occupied by the thermal roll, F is
constant and equal to F1 indicating that there is
no influence of the concentration in this zone.
The two maxima increase during the solidification process because of the dopant rejected along
the solid—liquid interface. At the same time, the
distance separating these two peaks is increased
indicating that the solutal flow begins its expansion. When S 2.6, the second maximum reaches
a sufficient value (around five times I F~I) to
allow a rapid expansion of the inverted flow (from
S 2.6 to S
2.42) (Figs. 12 and 13). The expan=

=

F

=

1 Ma BO
—i.
S Pr By

— —
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=

Fig. 11. Flow structure for S = 3 and different solutal Marangoni numbers, (a) Ma,
Ma, = 30 (Ma1 = 5 and Sc = 10).

=

0, (b) Ma,

=

20, (c) Ma,

=

25 and (d)

S. Kaddeche et a!. /Journal of Crystal Growth 141 (1994) 279—290

287

sion speed of the solutal cell reaches a value close
to 10 times Vf. During this quick expansion, the
second maximum decreases because the accumulated dopant is transported by convection along
the fluid surface. We may also notice that along
the inverted flow free surface, F is equal to zero,
indicating that, in this zone, the expansion occurs

The large solutal roll is then only driven in the
vicinity of the interface. This explains its specific
shape with the centre of the eddy and the strong
velocities localized at the top corner near the
interface (Fig. 12e). The rapidity of the inverted
flow expansion suggests the definition of a characteristic time t1 corresponding to the precise

with minimal energy expenses as the solutal contribution 1~just balances the thermal one F~.At
the end of this expansion, as the second peak has
decreased to a value close to zero, the capillary
force is practically zero everywhere except near
the interface where a strong peak is maintained,

moment when the thermal flow intensity vanishes. The variation of t1 is plotted in Fig. 14 for
eight different Ma1 between 0.5 and 7.5. From
this figure two important pieces of information
may be obtained. First the increase of Ma1 delays
the appearance of the inverted flow for melts

~
I.)

~

(I)

-

(b)

(~)

(a)

~1

1h)

(1)

Fig. 12. Flow structure and dopant distribution in the melt during the solidification process for: (a) and (f) S
S = 2.58, (c) and (h) S = 2.5, (d) and (i) S = 2.42, (e) and (j) S = 2.2 (Ma, = 20 and Sc = 10).

=

2.8, (b) and (g)
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Fig. 13. Evolution of Pr F during the solidification process where F is the capillary force at the upper surface.

having the same Ma~,and then the decrease of t
1

as a function of Ma, follows a power law t~
Mar. The values of a for different Ma1 are
given in Table 1. Further numerical calculations
showed that an increase of the growth rate favours
the appearence of such inverted flows. Note that
all these features have been observed experimentally by Tosello [9].
Macrosegregation is illustrated in Figs. 12f—12j
by the iso-concentration lines in the melt given at
selected instants during the solidification process
for Ma, 20, and in Fig. 15 by the iso-concentration lines in the crystal for different Ma,. From
Figs. 12f—12j we see that the dopant repartition
in the melt is strongly connected with the flow
=

10

—

~

.~,

\~I1u\

‘-05

structure, When the clockwise thermal roll prevails near the interface, the solute boundary layer
is as expected thin and poor in the upper part
where the flow goes towards the interface and
larger and richer in the bottom part. When the
counter-rotating solutal roll prevails, the flow at
the bottom which returns to the interface circulates diagonally towards the upper corner and
determines a relatively quiet zone in the bottom
part. As a consequence, the solutal boundary
layer is here also larger and richer in this bottom
part. For the crystal, Figs. 15a and 15b show first
that the crystal composition is roughly the same
for 0 Ma, 10. Only the upper part of the
grown crystal is affected by the slight modification of the flow for this range of Ma~.For higher
Ma, (Ma, 20), the crystal composition is greatly
affected by the changes occurring in the flow.
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Fig. 14. Evolution of t1 as a function of Ma, for different
thermal Marangoni numbers.
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Fig. 15. Crystal composition for S
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Fig. 16. Evolution of the longitudinal segregation (a) and the
radial segregation (b) along the crystal axis for different Ma,
(Ma1 = 5, Sc = 10).

Because of the flow transition near the growth
interface, a thin slice with strongly increasing
longitudinal segregation and decreasing radial inhomogeneity appears in the crystal. In the figure
we observe that the larger is Ma,, the earlier this
slice appears. This behaviour is consistent with
that observed in the flow structure (Fig. ii) and
is illustrated by the strong variations observed in
Fig. 16 on the curves giving the averaged dopant
concentration and the radial segregation. The
crystal obtained after the flow transition presents
a relatively constant radial segregation. Contrary
to the confined case (Fig. 8), the iso-concentration lines have not changed their global orientations: this is explained by the specific solute
boundary layer structure imposed by the presence
of the solutal roll.
Further numerical simulations indicate that
when Ma, 0, the flow keeps the same structure
as in the pure thermal case because the surface
solutal gradients are constricted near the growth
interface and consequently have no effect on the
flow. Moreover, no transition can occur when
IMa, I increases because the solutal contribution
reinforces here the thermal one, making the solutal gradients still more constricted by the solid—
liquid interface.
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4. Conclusion
Time-dependent numerical simulations have
been carried out to study the directional solidification process of concentrated alloys. Compared
to the case of dilute alloys where the flow is only
thermally driven, modifications of the flow by the
solutal gradients have been pointed out. They
have a negligible influence on heat transfer (low
Prandtl number), but important consequences for
mass transfer in the liquid phase during the crystal growth process (moderate and high Schmidt
number), and consequently for the segregation.
For confined cavities where the flow is driven
by buoyancy, when the dopant rejected along the
solid—liquid interface is the heaviest component
of the considered mixture (Gr, 0), the flow
keeps the same structure as in the pure thermal
case (Gr
0). Nevertheless, it is accelerated especially near the growth interface where the concentration gradients are more important. On the
other hand, when the dopant is the lightest cornponent of the mixture (Gr, 0), the flow becomes bi-cellular. The cell generated through the
solutal gradients settles progressively and is more
and more important (in intensity and in extent)
when the solutal Grashof number is increased,
These solutal effects appear earlier during the
solidification process when increasing the Schmidt
number. Macrosegregation is slightly affected
when Gr~ 0, except that the radial segregation
can be reduced when the level of mixing is important (i.e., when increasing Gr,). On the other
hand, when Gr, 0, the dopant distribution
structure is greatly modified for important I Gr I
compared to the pure thermal case. Because of
the flow inversion, the orientation of the iso-concentration lines is modified at a certain stage of
the solidification process which depends on the
value of Gr The radial segregation has a minimum at this precise stage during which mass
transfer is mainly achieved by diffusion.
For open cavities, and in the case where the
flow is driven by surface tension, when solutal
effects enhance thermal effects (Ma. 0), no
modification of the flow occurs compared to the
pure thermal case because the solutal gradients
remain constricted near the growth interface.
=

-

When solutal effects oppose thermal effects (Ma,
> 0), a small solutal cell is progressively formed
in the upper corner near the interface, and then
expands very quickly throughout the whole cavity.
The characteristics of the solutal cell expansion
have been pointed out, and they are found to be
in qualitative agreement with the experimental
observations of Tosello [9]. Macrosegregation is
affected in this last case by the development of
the inverted solutal flow: a thin slice corresponding to a strong increase of the longitudinal segregation and to a decrease of the radial segregation
appears in the crystal. Beyond this stage, despite
the inversion of the flow, the orientation of the
iso-concentration lines in the crystal is not really
changed because of a specific shape of the solutal
roll and of the solute boundary layer.
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