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Abstract: In order to understand the effect of geometric parameters and axial magnetic field on buoyant—thermocapillary convection
during detached solidification, a series of three-dimensional numerical simulations were conducted by the finite-difference method.
The results indicate that the stable flow is observed when the Marangoni number (Ma) is small; however, when the value of Ma
increases and exceeds a threshold value, the stable steady flow transits to be unstable flow. As the height of the melt increases, the
flow is enhanced at first and then gets weakened. As the width of gap decreases gradually, the strength of flow is enhanced. The
approach of using axial magnetic field is an effective way to suppress the buoyant—thermocapillary convection. As the magnetic field
strength increases, the inhibition is enhanced. The critical Marangoni number increases slightly with a greater melt height, a narrower

width of gap, and a more strength of magnetic field.
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1 Introduction

Detached solidification technique is a crystal
growth method combining the advantages of both the
Czochralski and vertical Bridgman methods. It is benefit
for the growth of II-VI compounds semiconductor
materials such as CdZnTe. This method was firstly
discovered in the experiments of crystal growth, by
Bridgman method under microgravity condition in 1974
[1,2]. SYLLA and DUFFAR [3] conducted a series of
detached solidification experiments using GaSb and InSb
in silicon crucible, and the results confirmed that the
crystal quality obtained by detached solidification was
greatly improved. To obtain CdZnTe crystal, GAMAL et
al [4] adopted traditional Bridgman method and detached
solidification method, respectively, and found that the
detached solidification method could greatly reduce the
dislocation densities of the crystal, thus improving the
quality of the crystal.

However, the coupled buoyancy and
thermocapillary forces will drive the melt flow during
detached solidification, and this flow has a direct impact
on the quality of the growing single crystal, such as the

undesired creation of striations. PENG et al [5,6] studied
the thermocapillary flow in detached solidification of
CdZnTe under microgravity and gravity by a series of
two-dimensional numerical simulation. ZHANG et al [7]
and STELIAN et al [8] studied the effect of temperature
gradient on the melt flow during detached solidification
under microgravity. In recent years, many studies about
detached solidification method have been reported.
However, study on buoyant—thermocapillary convection
during detached solidification is less.

In recent years, it has been demonstrated that the
magnetic field plays an important role in the fluid flow
or heat and mass transfer in the electrically conductive
fluids, which has already gained some achievements
[9-12]. GELFGAT et al [13] studied the influence of
axial magnetic field on the three-dimensional unstable
natural convection flow. The results showed that when
the magnitude of magnetic field exceeded a certain value,
the unstable flow would switch to a steady flow. JABER
et al [14] conducted a three-dimensional numerical
simulation of the melt flow during GeSi crystal growth
under the axial and rotating magnetic field and the results
exhibited that the magnetic field can effectively suppress
the melt flow. SANKAR et al [15] studied the effect of
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magnetic field on the buoyancy and thermocapillary
driven convection in annular enclosure, and the results
indicated that magnetic fields could effectively suppress
the flow. PENG et al [16,17] investigated the effect of
magnetic field on the melt flow during detached
solidification under microgravity and the results showed
that the axial magnetic field and the cusp magnetic field
could suppress the melt flow and improve the crystal
quality. Although a lot of researches have been done to
suppress the fluid flow in an electrically conductive fluid
using magnetic field, there are few publications reported
about influence of the magnetic field on the flow during
detached solidification process.

Therefore, the main purpose of the present study is
to investigate the effect of geometric parameters and
axial magnetic field on the buoyant—thermocapillary
convection of CdZnTe melt in detached solidification.
Finite-difference method is adopted to simulate the three-
dimensional thermocapillary flow of CdZnTe melt under
gravity.

2 Physical and mathematical models

The simplified model of detached Bridgman crystal
growth, as shown in Fig. 1, is adopted in the present
study. There, 4 is the height of melt, 7, is the radius of
crucible, r; is the radius of crystal and b is the width of
gap. The crucible wall and the solidification front are
maintained at a constant temperature 7}, and Tp, (T1>Ty,),
respectively. The axial magnetic field is from the bottom
up through the melt.
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Fig. 1 Physical model of simulation system

For the convenience of computing, the assumptions
are as follows: 1) The melt is incompressible Newtonian
fluid; 2) Constant properties except both the surface
tension and density are linear functions of temperature;
3) The free surfaces (including both the top and gap
faces) are non-deformable and adiabatic; 4)
Thermocapillary force acts on the free surface and

no-slip boundary conditions are applied to solid—liquid
interfaces; 5) The flow is assumed to be laminar; 6) All
boundaries are considered electrically insulating.

With the above assumptions, the fluid flow in
CdZnTe melt could be described by the dimensionless
three-dimensional governing equations:

V-V =0 (1)
ﬂw.vv =-VP+V¥ -
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The boundary conditions are as follows:
On the top surface (Z=H, 0<R<1, 0<6<2m):

oV, Ma 060 OV, _ Ma 06
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At the solidification interface (Z=0, O<R<R;,
0<6<2m):

o¢
V,=V,=V,=0, ©=0, -2 =0 5
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At the gap (Z=0, R;<R<1, 0<6<2m):
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At the crucible wall (R=1, 0<Z<H, 0<6<2m):
o¢
Ve=V,=V,=0, ©&=1, ——-=0 7
R =Ve=V; R (7
The initial conditions (z=0) are:
Ve=V,=V,=0, ©=0, ¢=0 8)

where (R, Z, 6) is the non-dimensional cylindrical
coordinates; V, P, ® and 7 are the non-dimensional
velocity vector, pressure, temperature and time,
respectively; H and B are the height of melt and the
width of gap in non-dimensional form, respectively. All
of them could be non-dimensionlized by the following
formulas: H=h/r,, B=(r,—r)/r,, V=Vr,/v, P=pr02/(p1)2),
O=(T-T)/(Ty—T.), ==tv/ry’, where ¢ is the time.

The non-dimensional ~ parameters, Pr=v/a,
Ma=y(T—Tw)ro—r)uo, Gr=gf(Ty—Tw)rolv*, Ha=
Byr,\Jo/(pv) , are the Prandtl number, Marangoni
number, Grashof number and Hartmann number,
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respectively.  y, =—0y/0T is the
coefficient of the surface tension and o is the electric
conductivity of melt. ¢ is the electric potential, which
can be calculated using the following formulas:
J=0(-V¢+VxB), V-I3=0, A¢g=DBje, -VxV,
B=(0, 0, By). The non-dimensional stream function y is
defined as: Vyp =—0w /(ROZ), V, = Oy /(ROR).

In this numerical simulation, the physical properties
of CdZnTe melt are shown in Table 1. The values of
non-dimensional geometric parameters for the physical
model are as follows: 1) the width of gap, B=0.1, 0.075,
0.05 and 0.025; 2) the height of the melt, H=1.0, 2.0 and
3.0.

temperature

Table 1 Physical properties of CdZnTe melt

Parameter Symbol Value

Thermal expansion coefficient/K ' p 5.0x107*

Temperature coefficient yr o 0.14x107°

Density/(kgm*}) P 5.68x10°
Thermal conductivity/(W-m K™ k 1.09
Melting temperature/K T 1364
Specific heat capacity/(kJ-kg K" ¢y 0.187

Kinematic viscosity/(m*s ') v 4.16x107"

Prandtl number Pr 0.4
The dimensionless governing equations are

discretized by the finite-difference method. The central
difference approximation is adopted to the diffusion
terms, while the QUICK scheme is used for the
convective terms in these governing equations. The
non-uniform grid used in the present work is
60"x50°x55”. To wvalidate the grid convergence of
numerical simulation, the maximum values of stream
function (wm.x) are evaluated with different grid systems
when H=1, B=0.1, Ma=1x10> and Ha=0. The detailed
results of grid convergence test are presented in Table 2.
Obviously, the variation of these maximum values of the
stream function with different numbers of grids is
smaller than 5%, thus, the grid system used in this work
is enough to satisfy the accuracy of the simulation
results.
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Table 2 Validation of grid convergence

Grid number Vmax Relative error/%
40"%40°x43° 9.77 -
60"x507%x55” 11.66 16.21
80"x60°x637 12.01 2.90

3 Results and discussion

Once the temperature gradient is presented, the
surface tension gradient is formed on the free surface,
resulting in the thermocapillary convection in the flow
field. Meanwhile, the buoyancy convection is generated
due to the difference of melt density under gravity
condition.

3.1 Stable buoyant—thermocapillary convection and

flow instability

In order to study the flow patterns and temperature
distributions of the buoyant—thermocapillary convection
in the melt, the distribution profiles of streamlines and
isotherms on the (R—Z)-plane with different Marangoni
number are shown in Fig. 2, in the case of H=2, B=0.1
and Ha=0. It can be seen that two roll cells with opposite
flow directions are formed in the melt due to the surface
tension gradients on the free surfaces and buoyancy
force; the upper roll cell rotates in the counterclockwise
direction, while the other is in the clockwise direction.
When Ma=1x107, the thermocapillary and buoyancy
forces are very small and the buoyant-thermocapillary
convection in the melt is very weak. The maximum value
of the stream function is 3.02, and the intensity of the
upper counterclockwise cell is stronger than that of the
lower one. The distribution of the isotherms resembles
the heat conduction profile, as shown in Fig. 2(a). With
the increase of Marangoni number, the lower cell
gradually expands to the center region of the melt. Due
to the enhanced thermocapillary force, the melt flow is
strengthened, and the amplitude of the enhanced strength
of the lower cell is greater than that of the upper one.
When the Marangoni number is increased to 1x10°, the
maximum value of the stream function reaches 12.04,

i)

(a)

(b) (©)

Fig. 2 Distribution of streamline (left) and isotherms (right) on (R—2)-plane at H=2, B=0.1 and Ha=0, dy=y,,,/15, 66=0.1: (a)

Ma=1x10%; (b) Ma=1x10%; (c) Ma=3%10?
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and the flow intensity of lower cell exceeds the upper
cell. At the same time, with the increase of Marangoni
number, the temperature gradient in the melt is
increased, and the isotherms are distorted, as shown in
Fig. 2(b). When the Marangoni number increases to
3x10°, the flow is strengthened further, and the
maximum value of the stream function reaches 25.57, as
shown in Fig. 2(c). Due to the enhanced strength of the
lower cell, the isotherms near the crucible’s sidewall
distorted seriously. Instead of conduction mode, the
convection is dominant in the flow field.

Figure 3 shows the velocity distribution on the
lower free surface for AH=1, B=0.075 and Ha=0. It is
obvious that the velocity on lower free surface decreases
gradually in radial direction, and increases with the
increase of Marangoni number. Figure 4 shows the
distribution of the non-dimensional velocity when H=1,
B=0.075 and Ha=0 at R=0.5. It can be seen that the
velocity perturbation in the melt is growing, with the
increase of the Marangoni number.

104
\_ Ma=4 %103

? ol Nﬂj
(=)
L
-k
-
% Ma=1x 102
107

IO] 1 1 L

0.92 0.94 0.96 0.98 1.00

R
Fig. 3 Distribution of non-dimensional velocity on low free
surface at H=1, B=0.075 and Ha=0
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Fig. 4 Distribution of non-dimensional velocity for H=I1,
B=0.075 and Ha=0 at R=0.5

When the Marangoni number increases further and
exceeds a critical value, the steady flow gradually
transits to an oscillating flow due to the combined action
of buoyancy and thermocapillary forces. In order to

understand development of the flow characteristics with
the increase of Marangoni number, distributions of
isotherms on the cross section of Z=0.15 at H=2, B=0.1
and Ha=0 are shown in Fig. 5. As can be seen, isotherms
are in relatively sparse concentric distribution (Fig. 5(a))
at Ma=1x10". In this case, the melt flow is relatively
weak and the heat transfer is mostly achieved by
conduction. When Ma=3x10%, the isotherms near the
crucible wall become relatively dense, but still show a
concentric distribution. This indicates that the melt flow
remains steady, except for the enhanced heat transfer
between the melt and the crucible wall, which is caused
by the strengthened convection heat transfer. But when
Ma=7.5x10°, the  non-axisymmetric isotherms
distribution is observed on this cross section, which
indicates that the stable flow transits to be unsteady flow,
thereby affects the temperature distribution inside the
melt, as shown in Fig. 5(c).

(a) (b)
Fig. § Distributions of isotherms at =2, B=0.1 and Z=0.15: (a)
Ma=1x10%; (b) Ma=3x10%; (c) Ma=7.5x10

To determine the critical Marangoni number (Ma,,)
when the flow transits from steady state to unsteady state,
a certain number of monitoring points in the melt were
selected, if the temperature and velocity of all the
monitoring points stay constant, then the flow is steady;
otherwise, it is unsteady. Therefore, in order to obtain
high quality crystals, the Marangoni number of the flow
should be controlled within the critical value. Figure 6
shows the radial velocity variation with time of a
monitoring point (R=0.95, Z=0, 8 =0) for H=1, B=0.1
and Ha=0 at Ma=8x10°, it can be seen that the velocity is
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Fig. 6 Segment of non-dimensional velocity at R=0.95, Z=0

and =0
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periodically oscillating, hence the flow is unsteady. By
the variations of velocity and temperature with time of
monitoring points, dichotomy is used to narrow the range
of the critical Marangoni number. Then, the linear
extrapolation method [18] can be used to accurately
determine the critical Marangoni number of the
buoyant—thermocapillary convection in the melt. For
H=2, B=0.1 and Ha=0, the critical Marangoni number of
the buoyant—thermocapillary convection in the melt is
4.07 x10°.

3.2 Effects of geometric parameters on buoyant—
thermocapillary convection in melt
During detached solidification, the geometric
parameters affecting buoyant—thermocapillary
convection in the melt are mainly the height of the melt
and the width of the gap. In order to understand the

Zhen LI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1512—-1520

effect of melt height on buoyant—thermocapillary
convection in the melt, the stream function and isotherms
distribution on the (R—2)-plane of the melt flow at B=0.1,
Ma=1x10° and Ha=0 are shown in Fig. 7. It can be seen
that, with the height of the melt increasing, the center of
the upper roll cell will gradually move to the right and
bottom. The intensity of the flow tends to increase first
and then decrease, but the change is slight. Meanwhile,
the isotherms distribution does not change obviously,
indicating that the height of melt has limited influence on
the buoyant—thermocapillary convection.

In order to investigate the influence of the width of
gap on buoyant—thermocapillary convection in the melt,
for H=1, Ma=1x10> and Ha=0, the stream function and
isotherms distributions on the (R—Z)-plane at various
width of gap are shown in Fig. 8. When B=0.1, the flow
strength of the upper cell in the melt is weak. As the

(a)

11.66

(b)

(c)

Fig. 7 Distributions of streamline (left) and isotherms (right) on (R—Z)-plane at B=0.1 and Ma=1x10°, 8y=yn./15, 8@=0.1: (a) H=1;

(b) H=2; (c) H=3

11.91

Fig. 8 Distributions of streamline (upside) and isotherms (downside) on (R—Z)-plane at H=1, Ma=1x10> and Ha=0, Sy=ya/15,

56=0.1: (a) B=0.1; (b) B=0.075; (c) B=0.05; (d) B=0.025
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width of gap decreases, the intensity of flow gradually
strengthens, and the flow center of roll cells move to the
right and bottom. This is because the decrease of the
gap’s width results in the increase of the temperature
gradient on the free surface, thus, the flow driven by the
thermocapillary force is stronger.

For H=2, Ma=1x10% and Ha=0, the radial velocity
distributions on the lower free surface at different widths
of gap are shown in Fig. 9. It is seen that the radial
velocity on the upper free surface is reduced gradually
along the radial direction, and with the width of gap
decreasing, the velocity of the melt on the free surface
increases. Figure 10 shows the variations of the radial
velocity along the Z direction at different widths of gap
when H=1, Ma=10" and Ha=0. It can be seen that, with
the decrease in the width of gap, the internal disturbance
of the melt is enhanced. Therefore, to improve the crystal
quality during the detached solidification process, only
from controlling of the flow in the melt, the lager value
of the width of gap should be considered.

=
e

T T T

10?

Radial velocity

T T T
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090 092 094 R 096 098  1.00

Fig. 9 Distribution of non-dimensional velocity on lower free
surface at H=2, Ma=1x10* and Ha=0
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Fig. 10 Distribution of non-dimensional velocity for H=1,
Ma=1x10" and Ha=0 at R=0.5

Furthermore, the geometric parameters also can
affect the critical Marangoni number, as shown in Table
3. The critical Marangoni number increases slightly with
a greater melt height, and increases with a narrower
width of gap.

Table 3 Critical Marangoni number

vz Ma,,/10
Ha=0  Ha=25 Ha=50 Ha=75
0.1 3.86 6.41 162 65.5
1 0075 438 7.96 245 71.0
0.05 4.91 11.7 312 75.8
0.1 4.17 6.47 173 66.3
20075 444 8.05 258 73.4
0.05 5.03 12.6 33.7 76.2

3.3 Effects of axial magnetic field on buoyant—
thermocapillary convection

A number of studies have shown that the magnetic
field can suppress the electrically conducting melt flow.
In order to suppress the melt flow in detached
solidification CdZnTe growth, and to improve the quality
of the crystal, an axial magnetic field is imposed to
inhibit the melt flow.

For H=2, B=0.1 and Ma=10’, the distribution
profiles of streamline and temperature on the (R—Z)-
plane of melt with different Hartmann numbers are
shown in Fig. 11. It also can be seen that two toroidal
roll cells with opposite flow directions are formed in the
melt due to the surface tension gradients on the free
surfaces and buoyancy force. When Ha=0, the maximum
value of stream function of the anticlockwise roll cell
(the upper one) is —5.80, another roll cell is 12.04, as
shown in Fig. 11(a). The intensity of roll cells weakens
gradually as Hartmann number increases from 0 to 75
with 25 increment interval, and the maximum value of
stream function decreases to —3.29 (anticlockwise) and
8.45 (clockwise), as shown in Figs. 11(b)—11(d). On the
other hand, the temperature gradient near the
solidification interface decreases with the increase of
Hartmann number, as shown in Fig. 11 (downside).
Based on the relationships between the streamline,
temperature gradient and the value of Hartmann number,
it could be clearly seen that the stability of the fluid flow
in the melt could be improved by increasing the value of
Hartmann number. For R=0.5, H=1, B=0.075, Ma:lX103,
the distribution profiles of wvelocity with different
Hartmann numbers are shown in Fig. 12. As can be seen
that, with the imposed axial magnetic field, the internal
disturbance in the melt is dramatically weakened. The
higher Hartmann number results in the weaker
disturbance.



1518

Zhen LI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1512—-1520

. Y Y
(b) (c) (d)

Fig. 11 Distributions of streamline (upside) and isotherms (downside) on (R—Z)-plane at H=2, B=0.1, and Ma=1x10°, Sy=ya/15,

860=0.1: (a) Ha=0; (b) Ha=25; (c) Ha=50; (d) Ha=75

1.0

0.8

0.6

N
0.4

0.2

0 : . .
-30 0 30 60 90

Radial velocity

Fig. 12 Distribution of non-dimensional velocity for H=1,
B=0.075 and Ma=1x10’ at R=0.5

In order to investigate the influence of magnetic
field on the melt during detached solidification, a cross
section of Z=0.2 is chosen, and the distributions of
isotherms on this cross section at H=1, B=0.1 and
Ma=1x10" with different values of Hartmann number are
shown in Fig. 13. Obviously, when there is no magnetic
field, the the
non-axisymmetric isotherms distribution is observed and
the shape of isotherms is like a tortoise with multiple feet,
as shown in Fig. 13(a). However, once the magnetic field
(Ha=25) is applied, the patterns of isotherms change

unstable flow 1is obtained and

Fig. 13 Distributions of isotherms at H=I, Ma=1x10* and
7=0.2: (a) Ha=0; (b) Ha=25; (c) Ha=50; (d) Ha=75

and axisymmetric corrugated lines are observed, as
shown in Fig. 13(b). As the intensity of magnetic field
increases (i.e., Ha>50), the homocentric circularity
distribution of isotherms appears, as shown in Figs. 13(c)
and 13(d). This phenomenon indicates that the flow is
unstable when there is no magnetic field; however, a
stable flow could be obtained once the magnetic field is
applied. The reason for this phenomenon is that the flow
of electrically conductive fluid induces electric current in
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the present of magnetic field, and the Lorentz force will
be generated due to this current in the melt. Since the
direction of Lorentz force acting on the melt is opposite
to that of thermocapillary force and buoyancy force, the
buoyant—thermocapillary convection in the melt is
suppressed. Therefore, a conclusion could be made that
the magnetic field plays a positive role in the crystal
growth.

On the other hand, the axial magnetic field not only
can suppress the internal flow of melt effectively, but
also has a major effect on the critical Marangoni number.
The different
magnetic field strengths is shown in Table 3. The table
reveals that with magnetic field strength increasing, the
critical Marangoni number is increased by an order of

critical Marangoni numbers under

magnitude at least.

4 Conclusions

1) Two toroidal roll cells with the opposite flow
directions are formed in the melt. When the Marangoni
number is small, the internal flow in the melt is stable
buoyant—thermocapillary With  the
Marangoni number increasing, the flow intensity of

convection.

toroidal roll cells is strengthened; while the Marangoni
number exceeds a certain critical value, the stable flow
transits to unsteady buoyant—thermocapillary convection.

2) With the dimensionless height of melt increasing,
the flow in the melt is enhanced at first and then weakens,
but the change is slight. As the width of gap decreases
gradually, the strength of flow is enhanced. At the same
time, the critical Marangoni number increases slightly
with a greater melt height, and increases with a narrower
width of gap.

3) The present of axial magnetic field plays an
important role in  suppressing the buoyant—
thermocapillary convection and the
suppression is more evident as magnetic field gets
stronger. The critical Marangoni number depends on the

intensity of axial magnetic field. The stronger the

in the melt,

intensity of axial magnetic field, the larger the critical
Marangoni number.
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