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Abstract: To investigate the solution convection in the ro-
tational Bridgman method, both flow patterns and tempera-
ture distributions were calculated by solving three equations
in 3-dimensional analysis: Navier-Stokes, continuity and en-
ergy. We focused on the relationship between ampoule ro-
tational rate and temperature distribution in the growth solu-
tion reservoir. In the 3-dimensional model, In-Ga-Sb solution
was put between GaSb seed and feed crystals, where seed and
feed crystals were cylindrical in shape, and the In-Ga-Sb so-
lution was semi-cylindrical. The ampoule rotational rate was
changed in a range of 0 to 100 rpm. By increasing the am-
poule rotational rate, the flow velocity in the In-Ga-Sb solu-
tion increased and the temperature distribution tended to be
uniform.
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1 Introduction

Ternary mixed crystals of semiconductors are interesting ma-
terials, because fundamental properties such as lattice constant
and bandgap energy, can be controlled by adjusting the compo-
sitional ratio. The advantage, that mixed crystals offer the pos-
sibility to reduce lattice mismatch at the interface between a
substrate and an epilayer, has been fully utilized for realization
of optical devices. However, it is very difficult to grow large
single mixed crystals of high quality, because there are two
major problems which must be overcome. The first one is the
constitutional supercooling [Singh, Witt, and Gatos (1974);
Kim (1978)] which appears in the source solution ahead of
the growth interface. When the separation between liquidus
and solidus lines is wide, the degree of constitutional super-
cooling also becomes large, and consequently polycrystals are
grown. The second relates to flows caused by heat and mass
transfer. The quality of mixed crystals is strongly affected by
flow patterns.

Several attempts have been made to reduce the degree of con-
stitutional supercooling and the influence of flow caused by
heat and mass transfer. The Czochralski apparatus to rotate
a seed crystal with high speeds of 100 to 200 rpm [Bach-
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mann, Thiel, Schreiber, and J. (1980)] and accelerated cru-
cible rotation technique [Capper, Gosney, Jones, and Kenwor-
thy (1986)] are the most prominent. We have developed two
new methods. One is the Czochralski method modified to
introduce ultrasonic vibrational stirring [Hayakawa and Ku-
magawa (1985)]. InxGa1-xSb single crystals with higher In
compositional ratio (0 < x < 0:15) were grown by using this
method [Tsuruta, Hayakawa, and Kumagawa (1988)]. The
other method called the rotational Bridgman method (RBM) is
similar to the tipping method developed by Nelson (1963) To
increase the stirring effect, however, it is different that a rela-
tive motion between the growing surface and the solution can
be given by rotating the growth ampoule at high speeds, where
the growing surface covered about 60 to 90 % with the solu-
tion. For the first time, we adopted this method to grow large
InSb1-xBix, InxGa1-xSb and Ga1-xInxAsySb1-y mixed crystals
[Ozawa, Hayakawa, and Kumagawa (1991a); Kumagawa,
Ozawa, and Hayakawa (1988); Hayakawa, Ozawa, Ando,
Koyama, Masaki, Takahashi, and Kumagawa (1996); Ozawa,
Hayakawa, Ono, Koyama, and Kumagawa (1997)]. We fo-
cused on the relationship between ampoule rotational rate and
temperature profile in the growth solution. The model cal-
culated was conformed to an experimental system of InGaSb
crystal growth using RBM. This article describes the change of
temperature profiles and flow patterns for ampoule rotational
rates.

Figure 1 : Schematic representation of the rotational Bridg-
man method and temperature profile in the furnace.
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2 Numerical analysis

Fig. 1 shows a schematic RBM growth system and temper-
ature profile in the furnace. In-Ga-Sb solution was put be-
tween GaSb seed and feed crystals, where seed and feed crys-
tals were cylindrical in shape, and the In-Ga-Sb solution was
semi-cylindrical. Prior to crystal growth, GaSb seed and feed
crystals, and primary In-Ga-Sb source materials were charged
in the quartz ampoule. The ampoule rotational rates were
changed in a range of 0 to 100 rpm. Crystal growth was ini-
tiated by moving the ampoule toward the low temperature re-
gion of the furnace.

Figure 2 : Three-dimensional model which simulated the ex-
perimental system.

Fig. 2 shows a three-dimensional model, which simulated the
experimental system, to investigate the relationship between
ampoule rotational rate and temperature profile in the solution.
This model simulates the In-Ga-Sb solution region in the RBM
experimental system in fig.1. The GaSb seed and feed crystals
formed in the shape of semicircles were put at the both end
of the semi-cylinder. The flat top plate of the semi-cylinder
means the free surface of In-Ga-Sb solution. The side wall of
the semi-cylinder was the quartz glass wall. The model size is
6 mm in radius and 8 mm long. The In-Ga-Sb solution region
consisted of 18 � 15 � 20 segments. r and z were lengths of
radial and axial directions of the growth solution reservoir. θ
was angle of rotational direction. The flow vector and tem-
perature profile were calculated under a steady state condition.
The governing equations are given as follows:

Navier-Stokes equations:
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Continuity equation:
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Energy equation:
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Here r, z and θ are respective coordinate axes in the radial,
axial and angular directions. Symbols of u, v, w are axial,
radial, and angular flow components of the fluid velocity, α
respectively. p the pressure, g the gravitational acceleration,
β the volume expansion coefficient, T the temperature, ν the
kinematic viscosity, α the thermal conductivity.

The following boundary conditions for velocity and tempera-
ture were employed. The non-slip condition was applied at the
quartz glass wall and the solid-liquid interface.

At the interface between the seed and the solution :

u = 0;v= 0;w= ω(rpm);T = 660(oC) (6)

At the quartz glass wall :

u = 0;v= 0;w= ω(rpm); (7)

At the interface between the feed and the solution:

u = 0;v= 0;w= ω(rpm);T = 660(oC) (8)

In the numerical analysis, the rotational rates of growth am-
poule were changed in the range of 0 to 100 (rpm). The tem-
perature profile (T (z)) on the quartz glass wall was determined
by measuring the furnace temperature. Flow patterns and
temperature profiles were determined by solving the Navier-
Stokes (1)-(3), continuity (4), and energy (5) equations. The
flow vector and temperature were calculated under a steady
state condition. The numerical analysis was performed com-
putationally by the finite differential method.
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(a) 0 rpm (c) 40 rpm

(b) 10 rpm (d) 100 rpm

Figure 3 : Flow patterns of Z-R cross section in the In-Ga-Sb
solution for the ampoule rotational rates of (a) 0, (b) 10, (c) 40
and (d) 100 rpm, respectively.

3 Results and discussion

Figs. 3(a)-(d) show flow patterns of Z-R cross section in the
In-Ga-Sb solution, where (a), (b), (c) and (d) were calculated
under the ampoule rotational rate of 0, 10, 40 and 100 (rpm),
respectively. In (a), the flow patterns separated into two large
flows. One of them, in the left region, moved up the center
and down along the GaSb seed wall. The right one flowed
symmetrically in the opposite direction. The natural convec-
tion generated at the bottom of In-Ga-Sb solution, because the
flux heated at the middle of the ampoule wall moved upward
the free surface. When the ampoule was not rotated, the fluid
flow was only due to the natural convection. In (b), (c) and (d),
the flow patterns were basically similar to that of (a). However,
centrifugal force due to the rotation of the growth ampoule led
to change in fluid flow. The flow velocity became stronger
at the side of semi-circle near the interface of seed and feed
crystals. The fluid component was concentrated at the cen-
ter of the solution by centrifugal force, and moved up to the
free surface. The flow velocity increased with increasing the
ampoule rotational rate. As compared with (a) the result of
0 rpm, average flow velocity of 100 rpm increased by about
one hundred times. As a result, the forced convection brought
by the increase of ampoule rotational rate was dominant in the
solution.

Interval 2oC

(a) 0 rpm (c) 40 rpm

(b) 10 rpm (d) 100 rpm

Figure 4 : Isothermal curves of Z-R cross section in the In-
Ga-Sb solution for the ampoule rotational rates of (a) 0, (b)
10, (c) 40 and (d) 100 rpm, respectively.

Figs. 4(a)-(d) illustrate isothermal curves of Z-R cross section
in the In-Ga-Sb solution, where the temperature interval was
2oC. Positions of (a), (b), (c) and (d) correspond to the respec-
tive position in Figs. 3. Their curves changed dramatically
between ampoule rotational rates of 0 and 100 rpm. In (a),
the temperature was low at GaSb seed and feed sides and the
highest at the center of the ampoule wall. The spacings be-
tween isothermal curves became narrow near the interface of
the seed and feed crystals. In (b), isothermal curves distributed
in wide interval near the center of solution. The results in (c)
and (d) also became wide near the interface of the seed and
feed crystals. By increasing the ampoule rotational rate, the
temperature distribution in the solution became homogeneous.

Figs. 5(a)-(d) show flow patterns(left) and isothermal
curves(right) at the interface between the seed and the solu-
tion. In the flow pattern of 0 rpm, the flux moved down along
the GaSb seed wall, because the natural convection occurred
at the bottom of In-Ga-Sb solution. In the case of ampoule
rotation, a vortex was generated near the center at the solid -
liquid interface. The vortex moved in the direction of the ar-
row, with increasing the ampoule rotational rate. As compared
with 0 rpm, average flow velocity of 100 rpm increased by
about one hundred times. Isothermal curves changed dramat-
ically between ampoule rotational rates of 0 and 100 rpm. By
increasing the ampoule rotational rate, the temperature distri-
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(a) 0 rpm

(b) 10 rpm

(c) 40 rpm

(d) 100 rpm

Figure 5 : Flow patterns and isothermal curves at the interface
between the seed and the solution for the ampoule rotational
rates of (a) 0, (b) 10, (c) 40 and (d) 100 rpm, respectively.

bution in the solution tended to be uniform.

Figs. 6(a)-(d) illustrate isothermal curves of free surfaces in
the In-Ga-Sb solution. The curves change dramatically by in-
creasing the ampoule rotational rate from 0 to 100 rpm. At
100 rpm, the isothermal curves were widely distributed near
the center of solution. With increasing the ampoule rotational
rate, the temperature distribution became uniform.

Figs. 7(a)-(b) show the relationship between ampoule rota-
tional rate and temperature distribution in the solution, where
(a) and (b) were the upper and middle parts of the solution.
In (a), the temperature decreased at the center of the solution
and increased near seed and feed crystals, with increasing the
ampoule rotational rate from 0 to 20 rpm. For the ampoule
rotational rate greater than 40 rpm, the temperature distribu-
tion was flat. It was revealed that the stirring effect of ampoule
rotation decreased the temperature gradient near the free sur-

face. In (b), the temperature distribution became flater with
increasing the ampoule rotational rate. The peak of the tem-
perature distribution was affected by the temperature profile
on the ampoule wall. The heights of peak decreased slowly
with the ampoule rotation. It is understood that the stirring ef-
fect of ampoule rotation, which increased with increasing the
rotational rate, affected the mass transfer and heat flux. It is
also expected that the ampoule rotation reduces both the de-
gree of constitutional supercooling and the influence of nature
convection.

(a) 0 rpm (c) 40 rpm

(b) 10 rpm (d) 100 rpm

Figure 6 : Isothermal curves of free surface in the In-Ga-Sb
solution for the ampoule rotational rates of (a) 0, (b) 10, (c) 40
and (d) 100 rpm, respectively.

4 Conclusion

To investigate the solution convection for the rotational Bridg-
man method, both flow patterns and temperature distributions
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(a) Upper part of solution (b) Middel part of solution

Figure 7 : Relationship between ampoule rotational rates and temperature distribution in the solution, where (a)
and (b) were upper and middle parts of the solution.

were calculated by solving three equations in 3-dimensional
analysis: Navier-Stokes, continuity and energy. By increas-
ing the ampoule rotational rate from 0 rpm to 100 rpm, the
flow velocity in the In-Ga-Sb solution increased and the tem-
perature distribution became uniform. The stirring effect of
ampoule rotation was enhanced with increasing the rotational
rate as the forced convection became dominant in the solution.
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