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We investigate the crystal growth process of an InAs-GaAs binary semiconductor by the Traveling Liquidus
Zone (TLZ) method numerically and discuss the possibility of growing a bulk In, Ga, As crystal. First, we
review this new crystal growth technique and then explain a numerical model and calculation method of the
growth of binary crystals. We focus on the effect of the solution zone width on the crystal growth process
and the generation of supercooling in the solution in order to grow In, .Ga, . As. We find that a uniform
In ,Ga,,As can be grown by the TLZ method under 1 pug conditions by adjusting the solution zone width

and the temperature gradient in the solution at appropriate values.

1. Introduction
Microgravity experiments of crystal growth have  of multi-component crystals difficult; that is,
been carried out in recent years using drop towers, supercooling induced in the solution during the
aircraft, rockets, space shuttles and satellites in order  crystal growth process. Even under microgravity
to reduce buoyancy convection and grow high quality  conditions, supercooling occurs in the solution due
crystals "**. Now, the International Space Station is  to the high Schmidt number ",
expected to come into operation in 2005 so that In this report, we focus on the growth of a
crystal growth experiments can be carried out under  uniform binary single In;,Ga,,As crystal under I u1g
better conditions; that is, the long duration of low  conditions from a macroscopic point of view based
residual gravity conditions (~ 1 pg) is available. on continuum thermofluid dynamics coupled with
Growing single crystals of uniform compositions  first-order phase transition. Having found that it is
of multi-component materials is very difficult  extremely difficult to grow an In .Ga _As crystal by
compared to that of single-component materials since  the Bridgman method °, we employ a new crystal
the shape and movement of the crystal-solution  growth method named the Traveling Liquidus Zone
interfaces are determined by the concentration field  (TLZ) method '>". We review the TLZ method
in addition to the velocity and temperature fields.  briefly in the next section. We explain a numerical
The interfacial temperature and concentration of the  model of crystal growth by the TLZ method in the
solute vary along the crystal-solution interfaces. We  third section. We show the result of the calculation
have studied the growth process of an InAs-GaAs  and discuss the possibilities of growing a uniform
binary crystal numerically and found that it is very  single In,,Ga,,As crystal by the TLZ method under
difficult to grow a crystal of uniform compositions | pg conditions in the forth section. In the final
by the Bridgman method even under 1 pig conditions  section, we summarize the results obtained in this
because of the high Schmidt number®. The  study.
concentration field is very sensitive to convection
and is deformed easily by it due to the high Schmidt 2, Traveling Liquidus Zone method
number. As a result, the crystal interfaces are  As we mentioned, the concentration field and the
deformed as the crystal growth proceeds. There is  crystal-solution interfaces are seriously deformed
another important factor, which makes the growth  and an In ,Ga,,As crystal of uniform compositions
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cannot be grown even under 1 pug conditions if
In, .Ga .As crystals are grown by the Bridgman
method due to the high Schmidt number. To improve
this situation, Kinoshita et al. '*!* proposed a new
crystal growth method called the Traveling Liquidus
Zone (TLZ) method. We summarize the basic idea
of crystal growth by the TL.Z method in the following
(see also Fig.1): A solution is sandwiched between
the seed and feed crystals. The difference between
the TLZ method and the ordinary zone melting
method is that the temperature and solute
concentration gradients are kept constant in the
solution in the growth direction during the growth
process in the case of the TLZ method, whereas the
initial concentration is usually constant in the seed
and feed crystals and the solution in the case of the
zone melting method. If there is no convection, the
linear temperature and concentration distributions
can be maintained in the solution, and crystal grows
spontaneously in the case of the TLZ method. The
linear temperature and concentration distributions in
the solution coincide very closely with the liquidus
curve on the phase diagram if the temperature
difference between the two interfaces is small (see
Fig.2 for the phase diagram of the InAs-GaAs binary
system®.). That is why this crystal growth method is
called the Traveling Liquidus Zone method.
However, supercooling always occurs in this case
since the liquidus curve is, in fact, slightly convex
(Fig.2). Therefore, reducing the degree of
supercooling in the solution is very important in the
case of the TLZ method. The temperatures and solute
concentrations at the crystal-solution interfaces and
the movement of the interfaces are determined by
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FIG.1 Traveling Liquidus Zone method. A linear
concentration distribution is established in the solution and
crystal grows naturally following Eq.(1). Therefore, if the
heater is moved at the spontaneous crystal growth rate, a
crystal of uniform compositions can be grown.
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FIG.2 Pseudo-binary phase diagram of InAs—GaAs.

the heat and mass balance at the interfaces and the
liquidus and solidus curves. The growth rate can be
estimated as follows in the case of one-dimensional
diffusion limited growth by the TLZ method '>'*:

_ D

)G

where v is the growth rate of the seed crystal, D; the
diffusion coefficient of the solute in the solvent, c;
the saturation concentration of the solute at the
solution side of the crystal-solution interface, c; the
saturation concentration at the crystal side of the
interface, (3¢/dT) 4. ; the slope of the liquidus
curve at the interfacial temperature, and (JT/ox);
the temperature gradient at the crystal-solution
interface. The solute concentration decreases as
crystal grows if the heater is not moved since the
temperature at the seed crystal-solution interface
rises with the movement of the interface. Therefore,
if the heater is moved at the speed of the crystal
growth rate v, the interfacial temperatures and
concentrations can be kept constant at the crystal—
solution interfaces during the crystal growth process.
In other words, a crystal of uniform compositions
can be grown. However, the temperature and
concentration fields may be disturbed by convection
even under | ug conditions. Therefore, we investigate
the effect of convection on the crystal growth process
by the TLZ method and estimate the optimal
conditions for the production of uniform binary
crystals in microgravity.
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3. Numerical modeling and calculation method

In this section, we develop a numerical model of
crystal growth by the TLZ method and introduce the
governing equations of the growth of binary crystals.
An outline of the numerical model of InAs—GaAs
crystal growth is shown in Fig.3. The calculation area
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FIG.3 Outline of a crystal growth model of a binary InAs—-GaAs semiconductor. A solution is sandwiched between seed

and feed crystals. Heat flux is given externally from the top and bottom surfaces and the left-hand side wall. Heat is

removed from the right-hand side wall. The velocity, temperature and concentration fields and the shape and movement

of the interfaces are calculated numerically.

is divided into three regions: seed crystal, solution
and feed crystal. The solution and the crystals are
placed horizontally (¢ = 90°) and the heat flux is
applied externally as shown in Fig.3, which is based
on the heater of the crystal growth experimental
system of the Japanese experimental module (JEM)
in the International Space Station. The top, bottom
and left-hand side surfaces are heated and the right-
hand side surface is cooled. The total amount of the
heat input is equal to that of the heat output. The
heaters move to the left so that the seed crystal grows
in the - x, direction. The feed crystal-solution
interface and the seed crystal-solution interface are,
respectively, expressed by the following equations:
x, =F (x,f)and x, = F,(x,,0). F, and F, are determined
by the heat and mass balance at the interfaces and
the liquidus and solidus curves on the phase diagram.

The coordinate x, time ¢, pressure p, velocity u,
and temperature T are nondimensionalized as
follows:

Xl. = X R T = 2t ) Ui = Y )
L L, v, /L
P r-T,
P= 6 = — 2
povlz./l‘2 q,L/A, @

where L, v, p,, g, and A are, respectively, the depth
of the solution layer, the kinematic viscosity, the
density, the maximum value of the heat flux (see
Fig.3) and the thermal conductivity. Subscripts L, S
and frepresent liquid, solid and the melting point of
InAs. Note that the concentration of InAs is already
nondimensionalized (see Fig.2). The nondimensional

governing equations are given in the following:

A. Governing equations in solution

The Boussinesq approximation being employed for
the density change, the continuity equation, the
momentum equation, the energy equation and the
transport equation of the solute are introduced as
follows:

Continuity equation:

W, _,
X, . (3)
Momentum equation:
U, ou, 9P N U,
Jr ' oX, JX,  IX,0X,
Ra' Ra®
—0,kk ——C.k
+ Pr L% SC L™ (4)

where the buoyancy forces caused by both the
temperature and concentration differences are taken
into account and k, is the unit vector in the
antigravitational direction. In the case of the InAs—
GaAs system, the density increases with a decrease
in temperature and with an increase in the
concentration of InAs.

Energy equation:

9, ,, 2, _ 1 7,

ot aX,  Proxox, )
Transport equation of concentration of InAs:

C, oc, _ 1 d'c

ot 19X, Sc oXaX, ©
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We do not take into account the Sorét effect in this
study since it has very little effect on the crystal
growth process in the case of the InAs-GaAs system®.
Ra’, Ra®, Pr and Sc are, respectively, the Rayleigh
number based on the temperature difference, the
Rayleigh number based on the concentration
difference, the Prandtl number and the Schmidt
number:

Ra’ = B8Ol oo _veacr

A, Dyv,

’

v v
Pr=—-Lt, S =—-%t
X, ¢ D, )]

where B, g, k,, yand D, are, respectively, the
temperature coefficient of volume expansion, the
gravitational acceleration, the thermal diffusivity, the
concentration coefficient of volume expansion and
the diffusion coefficient of the solute.

B. Governing equations in crystal

The governing equations in the crystals are the heat
conduction and diffusion equations.

Heat conduction equation:

95 _ Ky 0%

ot Pr oXoX, - ®)
Diffusion equation:

dC, _ Dy J’Cy
ot Sc 9XX, - &
K, is the ratio of the thermal diffusivity of the crystal
to that of the solution and D, is the ratio of the

diffusion coefficient in the crystal to that in the
solution:

D
Ky =—, Dy = DS . (10)
L

C. Solution—Crystal interfaces

The temperature and concentration at the crystal-
solution interfaces and the positions of the interfaces
are determined by the heat and mass balance at the
interfaces and the liquidus and solidus curves on the
phase diagram. The phase diagram of the InAs-GaAs
binary system is shown in Fig.2.

Heat balance at the interfaces:

I _ S )L [98, _ 9 98,
ar  Pr| \ax, ~ ax, ax,

a0 JF" J6
+ 208 i 7S
_GSL( X, X, 9%, J} (1D

Mass balance at the interfaces:

oF’ 1 aC oF aC
c,-C) L = — [ L 20 2%
(L 5)91' Sc{( )

ax, JX, IX,
aC;,  OF IC
D | — - 1 3
* "L(&xI 9X, 9X, J} (12)
Here, F is the interfacial position

nondimensionalized by L, and i (= 1, 2) corresponds
to interfaces 1 and 2 (see Fig.3). Double signs, F
and +, correspond to i = 1 and 2. G, is the ratio of
the thermal conductivity of the crystal to that of the
solution, and Sfis the Stefan number:

Sf = 9o L

- p‘)LSLKL ’ (13)

where L, is the latent heat per unit mass.

The temperature and concentration are not
independent at the crystal-solution interfaces. The
relations between the temperature and the
concentration are given by the liquidus and solidus
curves on the phase diagram. The temperature
changes continuously at the interfaces; that is, 6, =
6. at X = F " and F,, whereas concentration C, is
different from C; at the interfaces. Since 9F /97 is
common in Eqgs.(11) and (12), the right-hand side of
Eq.(11) is equal to the right-hand side of Eq.(12)
divided by (C, — C). Therefore, the temperatures at
the interfaces can be calculated. The interfacial
temperatures having been determined, the
concentrations at the interfaces are obtained via the
liquidus and solidus curves and the positions of the
interfaces F" are calculated by Eq.(11). In this study,
the relations between the concentrations and
temperatures along the liquidus and solidus curves
are approximated by polynomial functions of the fifth
order. Here, we do not take into account the interfacial
energy of the crystal-solution interfaces, that is, the
Gibbs-Thompson effect®', which has a crucial effect
when the radius of the interfacial curvature is very
small.

D. Numerical method and procedure
Since the crystal-solution interfaces move and the
interfacial shapes change during the crystal growth
process, we employ the boundary fit method to solve
the governing equations efficiently'®,
Let us summarize the calculation procedure:
(1)  The feed crystal-solution and seed crystal—-
solution interfaces are planar initially. The
initial concentration of InAs in the seed crystal
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@

3)

@

4)

Table 1 Physical properties, system dimensions and growth conditions

Kinematic viscosity v,
Density o
Thermal conductivity of solution A
Thermal conductivity of crystal A
Temperature coefficient of volume expansion 3

Concentration coefficient of volume expansion 7y

Thermal diffusivity of solution K,
Thermal diffusivity of crystal K
Diffusion coefficient of In in solution D,
Diffusion coefficient of In in crystal D,
Latent heat L,
Depth of solution and crystal L

Width of solution and crystal w

Heater speed

<
=

[m?s™] 1.5x 107
[kg m] 5.9 % 10*
[Wm' K] 3.0
[Wm' KT 1.2

[K™'} 9.34x 10
[-] 1.4x 10
fm?s™'] 1.1x10°
fm?s™] 3.0x 10
[m*s™'] 1.5x 10*
[m?s™'] 1.0x 107!
[Tkg"] 5.0 10°
[mm] 10,20
[mm] 120

[mm h!} 0.2,04

is 0.3, which is our target value, and that in
the feed crystal is set at a constant value,
which depends on the initial temperature
gradient in the solution and the initial solution
zone width. The concentrations at the solution
sides of the interfaces are determined by the
liquidus curve on the phase diagram. The
concentration is linearly distributed in the
solution and linear temperature distributions
are given along the solution and crystals
initially. Note that the temperatures at the
interfaces are set at the equilibrium values
corresponding to the interfacial
concentrations.

We start heating and cooling the system
externally as shown in Fig.3. Note that the
Rayleigh number is defined using g, which
is the maximum value of the heat flux from
the heater (see Fig.3).

We solve the governing equations (3)-(6), (8)
and (9) to obtain the velocity, temperature and
concentration fields in the solution, and seed
and feed crystals.

The interfacial temperature and concentration
are determined by the heat and mass balance
equations and the liquidus and solidus curves
on the phase diagram (see section 3.C).

The interfacial temperature having been
determined, the time derivatives of the
crystal-solution interfaces are calculated by
Eq.(11) and therefore the new positions of the
interfaces are obtained. Using the new
interfacial temperatures and concentrations
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and the new interfacial positions, procedures
(3)-(5) are repeated.

The nondimensional parameters are estimated
based on the physical properties of InAs and GaAs
1617 The residual gravity is 1 ug (= 10-¢ g). The depth
of the solution and crystals is 10 mm; the aspect ratio
of the system, A, is set at 12; and the initial position
of the seed crystal—solution interface, F,", is set at X,
= 10. The initial position of the feed crystal-solution
interface, F ", is changed depending on the initial
width of the solution zone. The maximum heat flux
g, is 1.0 kW/m’, The initial temperature gradient in
the solution is 10 or 20 K/cm. The heater speed is set
at 0.2 and 0.4 mm/h, which are the growth rates
corresponding to the temperature gradients in the
solution; 10 and 20 K/cm, in the case of the one-
dimensional diffusion limited crystal growth (see
Eq.(1)). The physical properties, system dimensions
and growth conditions are summarized in Table 1.

The calculation space is divided by 123 x 31,
163 x 41 and 203 x 51 finite difference grids and the
maximum differences in the stream function,
temperature, concentration and positions of the
interfaces caused by the differences in the number
of the grid points were within 2 %. The results shown
in the following section are based on the calculations
using 163 x 41 grid points.

4. Results and discussion

We investigate the effect of the initial zone width of
the solution on the crystal growth process. The time
variations of the maximum velocity of convection
induced in the solution under 1 pg conditions are
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shown in Fig.4(a), where the depth of the solution is
10 mm and the zone width is changed from 10 to 60
mm, and the maximum velocity under 1 g conditions
is shown in Fig.4(b) for comparison, where the depth
and width of the solution are 10 mm. The maximum
velocity induced in the solution, the depth and width
of which are, respectively, 20 mm and 40 mm, under
1 ug conditions is also shown in Fig.4(c). In all of
the above cases (Figs.4(a)-(c)), the initial temperature

gradient in the solution is 10 K/cm. As the solution

zone width increases, the maximum velocity

increases (Fig.4(a)). The maximum velocity under 1
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FIG.4 Time variations of maximum velocity in the solution.
The temperature gradient in the solution is 10 K/cm. (a)
The depth of the solution is 10 mm. The residual gravity is

: the solution zone width is 10 mm;
: 40 mm; — -- — -- — : 60 mm. (b) The
depth of the solution is 10 mm. A terrestrial gravitational
acceleration of 1 g is applied. (c) The depth of the solution
is 20 mm and the solution zone width is 40 mm. The residual
gravity is 1 pg.
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ug conditions is less than 1 pm/s when the depth of
the solution is 10 mm (Fig.4(a)), whereas the order
of the maximum velocity under 1 g conditions is
several mm/s (Fig.4(b)). Velocity in the solution is
reduced remarkably under 1 ug conditions. When
crystals are grown in the horizontal direction under
terrestrial gravitational conditions, strong buoyancy
convection is driven in the solution even if the width
of the solution is as narrow as 10 mm. If the depth of
the solution is increased to 20 mm under 1 ug
conditions, the maximum velocity increases up to
approximately 3 um/s (Fig.4(c)). The larger the
crystal size is, the stronger becomes buoyancy
convection.

Snapshots of the streamlines, isotherms,
isoconcentration lines and the shapes of the interfaces
are shown in Fig.5. The initial temperature gradient
in the solution is 10 K/cm. The concentration and
temperature fields and the shape of the seed crystal
—solution interface are hardly deformed and the
concentration distribution in the solution in the
growth direction is almost linear, which is very
suitable for crystal growth by the TLZ method, when
the depth and width of the solution is 10 mm
(Fig.5(a)), while the concentration field becomes
slightly asymmetric and the concentration is not
linearly distributed in the solution any more when
the width of the solution is 40 mm, in which case the
concentration of the solute in the grown crystal
cannot be constant (Fig.5(b)). If crystal is grown
under 1 g conditions, on the other hand, the
temperature and concentration fields are seriously
disturbed by buoyancy convection and therefore the
initial concentration gradient cannot be maintained
at all (Fig.5(c)). It is quite remarkable that even under
1 pg conditions, when the depth is increased to 20
mm, the concentration field is deformed and the
initial concentration gradient cannot be maintained
in the solution (see Fig.5(d)).

The dependence of the steady-state crystal
growth rate at the center of the seed crystal-solution
interface on the initial solution zone width is shown
in Fig.6, where the depth of the solution is 10 mm,
the initial temperature gradient in the solution is 10
K/cm and the growth rate under 0 g conditions is
also shown for comparison. The growth rate increases
with the zone width and the growth rate at the center
under 1 g conditions is almost the same as that under
0 g conditions, although the shape of the interface is
not completely symmetric under | pg conditions (see
also Fig.7). Due to the input heat flux distributions
and the heat release from the right-hand side wall,
the temperature and concentration are not completely
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FIG.5 Streamlines, isotherms, isoconcentration lines and shapes of the crystal-solution interfaces. The initial temperature
gradient in the solution is 10 K/cm. (a) The depth and initial zone width of the solution are 10 mm. 1 pg is applied. Ra”
= 1.85% 10%; Ra® = 6.10x 10% 7= 10. (b) The depth and initial zone width of the solution are, respectively, 10 mm and
40 mm. 1 pg is applied. Ra™ = 1.85x 103; Ra¢ = 6.10x 10% 7= 10. (c) The depth and initial zone width of the solution are
10 mm. 1 g is applied. Ra’ = 1.85x 10°%; Ra® = 6.10x 10% 7= 5. (d) The depth and initial zone width of the solution are,
respectively, 20 mm and 40 mm. 1 pg is applied. Ra’ = 2.96x 10-%; Ra® = 4.88% 10°; 7=5.

linearly distributed in the solution and the
temperature and concentration gradients at the
solution side of the seed crystal-solution interface
become greater as the solution becomes wider, which
accounts for the increase in the crystal growth rate.
If the temperature and concentration gradients were
maintained at the initial values in the solution, the
crystal growth rate would be constant irrespective
of the zone width (see Eq.(1)). Note that the crystal
growth rate under 1 g conditions is increased to 0.8
mm/h and the rate under | ug conditions when the
depth of the solution is 20 mm is 0.56 mm/h. In both
cases, the crystal growth rate is much higher than
that in the one-dimensional diffusion limited case.
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The time variations of the seed crystal-solution
interface are shown in Fig.7. The crystal growth rate
increases and the growth rate at the upper part of the
crystal becomes higher than that at the lower part as
the zone width increases since buoyancy convection
is intensified and the amount of the solute transported
towards the crystal increases with the increase in the
zone width (Figs.7(a)-(c)). In the case of crystal
growth under 1 g conditions, the shape of the crystal—
solution interface is seriously deformed (Fig.7(d)).
Even when crystal is grown under | ug conditions,
the crystal-solution interface is deformed if the depth
of the solution is 20 mm (Fig.7(e)).

The distributions of the solute concentration
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along the center of the grown crystals under | pg
conditions are shown in Fig.8, where the depth of
the solution is 10 mm and the initial temperature
gradient in the solution is 10 K/cm. The concentration
decreases as crystal grows when the initial solution
zone width is 20 mm (Fig.8(a)), while it increases
when the zone width is 5 mm (Fig.8(c). Note that
melt-back occurs in the early stage.). In the present
case, the solution zone width should be 10 mm for
the growth of crystals of uniform compositions
(Fig.8(b)). The distribution of the InAs concentration
in the grown crystal is altered dramatically depending
on the initial solution zone width. However, even
when the initial solution zone width is 10 mm, the
concentration in the grown crystal decreases as
crystal grows if the temperature gradient in the
solution is 20 K/cm (see Fig.9).

Finally, we check the effect of the initial solution
zone width on the degree of supercooling induced in
the solution. The degree of supercooling is defined
as follows:

CL _ CL,sal

Cow (14)
where C, is the local concentration in the solution
and C,  is the saturation concentration
corresponding to the local temperature (see the
liquidus curve on the phase diagram (Fig.2).). The
area where S is negative is supercooled. The
dependence of the maximum value of the degree of
supercooling, |§] _, on the initial solution zone width
is shown in Fig.10, where the depth of the solution
is 10 mm and the initial temperature gradient in the

S =

0.28

0.26 -

0.24 —

0.22

Growth rate [mm/h]

0.2

0.18

0.16 T

Initial zone width [mm]

FIG.6 Steady-state crystal growth rate at the center of the
seed crystal—solution interface. The depth of the solution
is 10 mm and the initial temperature gradient in the solution
is 10 K/cm.
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FI1G.7 Time variations of the seed crystal-solution
interface. The initial temperature gradient in the solution
is 10 K/cm. (a) The depth and initial zone width of the
solution are 10 mm. | pg is applied. (b) The depth and
initial zone width are 10 mm and 20 mm. 1 pg is applied.
(¢) The depth and initial zone width are 10 mm and 40
mm. | pg is applied. (d) The depth and initial zone width
are 10 mm. 1 g is applied. (e) The depth and initial zone
width are 20 mm and 40 mm. 1 pg is applied.

solution is 10 K/cm. In the case of the TLZ method,
supercooling is induced in the solution in general
(see also Fig.2), but it can be reduced by reducing -
the solution zone width.

In summary, we investigated the crystal growth
process of an InAs—GaAs semiconductor numerically
and found that it is quite possible to grow a high
quality In ,Ga,As crystal by the TLZ method by
setting the initial solution zone width and the

temperature gradient in the solution at appropriate
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values so that buoyancy convection and the degree
of supercooling are reduced and the solute
concentration becomes constant in the grown crystal.
We set the initial temperature gradient in the solution
at 10 K/cm in this study. If the temperature gradient
is higher than 10 K/cm, buoyancy convection
becomes stronger and the degree of supercooling
becomes higher. We should reduce the temperature
gradient in the solution so that both buoyancy
convection and supercooling are reduced, but if the
temperature gradient is lower than 10 K/cm, the
heater speed should be very slow and the control of
the interfacial temperatures becomes very difficult.
We, therefore, propose the following conditions for
the growth of an In,,Ga,As of 10 mm in size from
a practical point of view: the temperature gradient in
the solution, 10 K/cm; the solution zone width, 10
mm; the heater speed, 0.2 mm/h. However, as we
have shown, it is still difficult to grow larger binary
crystals of uniform compositions even under 1 ug
conditions. We need other innovative ideas to
overcome this problem.
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FIG.8 Distributions of the solute concentration along the
center of the grown crystal. The depth of the solution is 10
mm and the initial temperature gradient in the solution is
10 K/em. 1 pg is applied. (a) The initial zone width is 20
mm; T=3;(b) 10 mm; 7=7;(¢c) Smm; t=17.
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FIG.9 Distributions of the solute concentration along the
center of the grown crystal. The depth and the zone width
of the solution are 10 mm. | pg is applied. 7= 3. (a) The
initial temperature gradient in the solution is 10 K/cm; (b)

20 K/em.,

0.025
0.02 — |
5 0.0157 ]
a ]
0.01 ]
0.005
]
i n
| |
0__._r 1 1 1 1 1
0 10 20 30 40 50 60 70

Initial zone width [mm]

FIG.10 Dependence of the degree of supercooling on the
initial solution zone width. The depth of the solution is 10
mm. The initial temperature gradient in the solution is 10
K/cm. 1 pug is applied.

5. Conclusions

We investigated the possibility of growing an
In,,Ga,,As crystal by the Traveling Liquidus Zone
(TLZ) method under 1 pg conditions numerically.
We developed a numerical model of growth of a
binary InAs-GaAs crystal and a numerical method
based on the finite difference and boundary fit
methods. We have obtained the following results
through the numerical analysis: (a) Convection is
reduced by reducing the solution depth and the
solution zone width under microgravity conditions.

The maximum velocity of convection induced in the
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solution is less than 1 um/s when the solution depth
is 10 mm under 1 pg conditions. (b) The temperature
and concentration fields and the shape of the crystal
interfaces are not seriously deformed when the depth
and width of the solution are 10 mm. However, as
the solution zone width increases, the shape of the
crystal interface becomes asymmetric. (¢) The crystal
growth rate under 1 pug conditions is more or less the
same as that under O g conditions. (d) The distribution
of the solute concentration in the grown crystal is
changed by the initial solution zone width and the
initial temperature gradient in the solution. (e)
Supercooling generated in the solution is reduced by
reducing the solution zone width.

In summary, a uniform In, ,Ga As crystal of 10
mm in size can be grown by the TLZ method under
1 pg conditions by setting the initial solution zone
width and the temperature gradient in the solution at
10 mm and 10 K/cm, respectively, in which case
buoyancy convection and supercooling are greatly
reduced and the concentration of In in the grown
crystal becomes constant.
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