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Abstract

We have four major targets this year, that is, (i) to investigate validity of one-dimensional approximation in the
case of a 10 mm-diameter sample, (ii) to design a dummy cartridge, (iii) to investigate influence of convection
on the ground in the case of a 2 mm-diameter sample, and (iv) to investigate difference in the case of updated
thermophysical properties. Before investigating the validity of one-dimensional approximation, we first
investigated an optimal heat sink diameter. By using the optimal heat sink diameter, we found that
one-dimensional approximation was valid under a certain boundary condition near a growth interface. We also
applied the optimal heat sink diameter to design of a prototype dummy cartridge. We investigated the
convection influence on concentration distribution by modeling a zone of 2 mm in diameter and of 20 mm in
length under the 1 g condition. From the calculation results, it was found that the influence was negligibly
small. The thermophysical properties were updated. The calculation results showed that temperature

distribution and interface shapes were quite different from the results in the case of the older properties.

Introduction of indium have been grown to a distance more than

o b . 20 mm. The most valuable feature of the TLZ
The traveling liquidus-zone (TLZ) method " is

i i method is that the solution concentration is saturated
one of the most advancing growth techniques to

i and sustained at the concentration determined by the
obtain a homogeneous crystal of a ternary compound

) ] liquidus in the whole zone region. Based on this
semiconductor. By applying the TLZ method to

concept, we have already succeeded in establishing a
crystal growth of an InGaAs compound

) ) one-dimensional theoretical model *. The model
semiconductor on the earth, single crystals of 2 mm

o ) . predicts that a growth rate can be controlled only by
m diameter and uniform composition of around 0.3

the temperature gradient at the freezing interface.

*
The present affiliation: Showa Cabot K.K., Chiba Plant, 3-Yahatakaigandori, Ichihara-City, Chiba 290-0067, Japan
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This means that if the linear temperature distribution
mnside the zone could be achieved, the constant
growth rate could be maintained through the whole
growth duration. This is a great advantage from a
viewpoint of homogeneous growth as compared with
the other growth techniques.

As mentioned above, the TLZ method is
potentially one of the most suitable techniques to
obtain homogeneous multicomponent single crystals.
To establish the TLZ method, the one-dimensional
model must be verified first. ~We think the

microgravity condition is the most suitable

environments to verify the model because convection
suppression improves the one-dimensionality as
compared with the ground environments. Therefore,

we proposed an experimental plan to the
International Announcement of Opportunity (IAO).
At present, our plan is selected as a candidate for a
flight experiment in the International Space Station
(ISS).

In order to perform a microgravity
experiment, an ampoule and a cartridge must be
designed. Although a sample of 20 mm in diameter
is planned before the IAO, the diameter is changed to
10 mm in the proposal from the viewpoint of
one-dimensionality.  But more investigation is
required whether the 10 mm sample sufficiently
satisfies the one-dimensionality.

To the

investigate one-dimensionality,

numerical analysis has been carried out. The
calculation code can treat the TLZ growth and can
solve the governing equations of the energy transport,
the mass transport, the vorticity transport, and the
stream function. The numerical analysis is used for
not only investigating one-dimensionality but also
optimizing a heat sink diameter in the case of the
sample of 10 mm in diameter. By using the

calculation results, we design a prototype dummy
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cartridge. The dummy cartridge will be used in the
ground-based experiments in order to obtain the
temperature profiles inside the cartridge under
various furnace configurations. The experimentally
obtained data will be compared with the numerically
obtained data in future in order to verify the
reliability of the numerical analysis.

After we proposed our plan to the [AOQ,
understanding of the TLZ method has been deepened.
We think there is possibility that the verification of
one-dimensional model can be achieved by using
samples of 2 mm or less in diameter even though on
the ground. Thus the influences of the convection
on concentration and temperature distributions are
numerically investigated in the case of the 2 mm
sample.

Thermophysical properties of InGaAs have
been measured in parallel to the activities mentioned
above. Therefore we compare the numerical results
in the case of the updated properties with those in the
case of the older properties in order to understand the
difference.

In this paper, the mathematical model is
described in the next section, and then the calculation
results in the case of the 10 mm-diameter sample, the
dummy cartridge design, the convection influence in
the case of 2mm sample, and the difference between
the older properties case and the newest properties
After that, discussion and

case are described.

conclusions are described.

Mathematical Model

The governing equations are the energy
transport equation, the mass transport equation, the
vorticity transport equation, the stream function
equation, the energy balance equation and the mass
balance equation. We use the boundary fitted

coordinate (BFC) method >, which is a kind of
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the specific gravity difference, g gravity,  time, C the

concentration, D  the diffusion coefficient.
Subscripts of L and § indicate the liquid side and the
solid side, respectively. In this study, the governing
equations are expressed by using the cylindrical
coordinates so as to match the typical flight sample

shape.

Calculation Results
(1) One-dimensionality investigation

The prototype cartridge being described in the
IAO proposal is shown in Fig. 1. Although we had
considered the sample diameter as 20 mm before the
TAO proposal, we changed the diameter to 10 mm
from the viewpoint of the one-dimensionality. The
one-dimensionality, however, is not investigated
enough at the proposal. Therefore we began to
investigate whether 10 mm diameter sufficiently
the under  the

satisfies one-dimensionality

microgravity condition. Since a heat sink diameter
might affects on the one-dimensionality, we first
investigated the optimal diameter. We know around
half of the sample diameter is optimal in the case of
the sample of 20 mm in diameter from the results of
the past analysis. Thus the cases of 5 mm, 7 mm, 8

mm and 9 mm in diameter were investigated in this

Fig. 1

analysis. As described in Appendix, the BFC

method generates a grid automatically. Therefore
the generated grid is shown in Fig. 2.

The boundary conditions are as follows; (i)
temperatures on both the cartridge surface and on the
end surface at the lower temperature side are given,
and (ii) the end surface at the higher temperature side
is adiabatic. The given temperature profile on the
cartridge surface is the combination of two linear
temperature distributions, which brings the best
solid-liquid interface shape in the past analysis in the
case of the 20 mm-diameter sample.

In order

to carry out the calculation,

thermophysical properties are required. We
summarize these properties as shown in Table 1 and
2. One example of temperature profiles is shown in
Fig. 3. Figure 3 (a) is the temperature profiles in the
whole region and (b) is the profiles around the
molten zone.

In the cases of the heat sink diameters of 5, 7,
8, 9 mm are shown in Figs. 4 — 7. From these
results, it is found that all of the interface shapes and
the locations are very similar to each other. This
means that the heat sink of 5Smm or more in diameter
can effectively work. Therefore we select 5 mm as

the optimal heat sink diameter in this study.

Schematic View of a Prototype Cartridge

Fig.2 Generated grid
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Table 1 Thermophysical Properties of InGaAs

Coefficient of Volume
Expansion § [1/K]

1.83x10™*  (GaAs)

Kinetic Viscosity v
[mz/s]

1.5x107

Density of Liquid p;
[kg/m’]

5.9x10° (1296 K)

Density of Solid ps
[kg/m3]

5.3x10° (1296 K)

Viscosity u=v- p
[Pa s]

8.9x107

Specific Heat C,
[J/(kg K)]

3.2x10%° (1296 K)

Thermal Conductivity
of Liquid x;
[W/(m K)]

3.0 (1296 K)

Thermal Conductivity
of Solid kg
[W/(m K)]

1.2 (1296 K)

Thermal Diffusivity of
Liquid oy, = k. /(pr G)
[mz/s]

1.6x107° (1296 K)

Thermal Diffusivity of
Liquid o5 = x5 /(ps )
[m?/s]

7.1x1077 (1296 K)

Diffusion Coefficent
Dy [m%s]

1.0x10°8

Diffusion Coefficent
Ds [m%s]

1.0x107"

Latent Heat Lg;
[Jkg]

5.0x10°

Table 2 Typical Thermophysical Properties

Thermal . Specific
Conductivity | Density |
Material ” P
C
[kg/m’] ’
[W/(m K)] /(kg K)]
Ta 60.2 16.36x10° | 1.54x10?
38.1
1144 K
we-103 | ¢ ) | g85x10° | 3.43x107
40.7
(1386 K)
Cu 3.5x10° | 8.96x10° | 5.0x107
F
used 40 22x10° | 1.13x10°
Crystal

2.0x10°
BN
BN /pBN 7.0 2(1X1)03 2.1x10°
(pBN)
Carbon
Cloth /
Laminated 5.0 1.0x10° | 1.68x10°
Carbon
Sheet
Graphit
Srap.‘e 44.0 1.7x10° | 1.68x10°
pring
Arsenic
Vapor | 1.58x10 1.45 1.0x10°
(1 atm)
Vacuum
(~107 | 9.2x107" |3.7x107'°| 1.01x10’
Torr)

In the case of the Smm-diameter heat sink,
composition, temperature and temperature gradient
along the interfaces are investigated as shown in Figs.
8 — 10. These figures show that the radial difference
at the growth interface is within about =1 %. Here,
we define that the radial difference is the percentage
of the difference between the maximal value and the
minimal one to the minimum along the interface.
For example, in Fig. 8 (a), the minimum is about
0.2883 and the maximum is about 0.2890, thus the
radial difference is about 0.24 %. Namely, the
one-dimensionality is sufficiently satisfied under the
microgravity condition. On the other hand, the
radial difference at the feed interface is relatively
large as compared with the difference at the growth
interface. Especially, the radial difference of the
temperature gradient at the feed side is about 30 %.
This means that the one-dimensionality at the feed
side is broken in the case of the 10 mm-diameter

sample.
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Heat Sink Diameter: 5 mm
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(2) Design of dummy ampoule
1046

The reliability of the numerical analysis has

Temperature along Interface [C]

1045 I 4 z
E been verified in each development phase. We have

s Dbttt il el e i confirmed that the numerical code is sufficiently
5 4 3 2 10 1 2 3 45 , _
Sample Radius  [mm)] reliable in the case of the melt growth such as the

Bridgeman method. But the reliability in the case of
(b) Feed Interface .
the TLZ method has not been verified yet. In the
Fig.9 Temperature along Interface melt growth, the mass transport was not programmed.
Therefore, we have planned to verify the reliability of

the current code.

E
> In order to verify the code, the temperature
4 B, : o 3 4

é el Qm Sink pi?metier:_s'y distribution inside the ampoule, which is compared
2 pbebealeslanbbdoudualo e, with the numerical result, must be measured.
b7 45 4 -3 2 -1 0 1 2 3 4 5

= ‘ g s

& Sample Radius  [mm)] Although any ampoule configuration is basicall
2 g y P g Y

Temperature Gradient

acceptable to acquire the temperature data, the

(@) Growtn Inteiace configuration being similar to the flight cartridge is
much convenient as compared with any other

configurations. Therefore we decided to design a

cartridge that is similar to the prototype flight

cartridge shown in Fig. 1.
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Fig. 11

The cartridge used for the temperature
measurement, which is based on the flight cartridge,
is usually called a dummy cartridge. The dummy
cartridge is used for not only reliability verification
but also optimization of furnace parameters.

By using the heat sink diameter of 5 mm, the
dummy cartridge is designed as shown in Fig. 11.
The dummy cartridge has several features, that is, (i)
six fixed thermocouples are installed on the cartridge
surface, (ii) one movable thermocouple is installed
into the axis, (iii) gas can be confined inside the
cartridge, and (iv) dummy sample is changeable.

The fixed thermocouples on the cartridge
surface are provided for obtaining the temperature
profile on the surface. The profile is used as the
temperature boundary conditions on the surface in
the numerical analysis.

The movable thermocouple is used for
obtaining the temperature profile in the axial
direction.  The profile is compared with the
numerical result in order to verify the reliability. Of
course, both temperature data are also used for the
optimization of the furnace parameters in future.

The gas environment can drastically improve
the thermal conduction between two materials.
Therefore, we can neglect the effect of the point
contact on the thermal conduction. In addition, the
reproducibility of the cartridge performance is also

much improved even though a component inside the

37

Dummy Cartridge

cartridge is exchanged to a new one.

The dummy sample can be exchanged to
other samples. Therefore, if the dummy sample is
exchanged to an InGaAs sample, a preliminary
experiment can be carried out.

As mentioned above, the dummy cartridge
has several advantages, but the cartridge has a
potentially weak point. That is the interface part
called the boss section. The boss section differs
from that of the standard cartridge. In the standard
dummy cartridge, the boss is fixed on the flange by
using a metal fitting. In our dummy cartridge, it is
difficult to design the interface to the fitting due to
the large size of the boss section. Therefore, in the
present plan, the cartridge is fixed on the flange by
utilizing the pressure difference between atmospheric
pressure and the chamber pressure of the vacuum.
In the vertical configuration, it is expected that the
airtight can be maintained by the pressure difference.
But if it does not work as we expect, the boss section
must be modified in order to attach the fitting.
Adding such function is not so easy work, but can be
achieved by using a larger boss section from the

preliminary investigation result of the modification.

(3) Convection influence in 2 mm sample

At the proposal, we believed that the

microgravity environments were required in order to
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satisfy the one-dimensionality. Recently, however,
we began to consider that a capillary tube might
sufficiently reduce the convection influence on some
important phenomena such as thermal transport and
mass transport.

The self-consistent numerical analysis, which
used for solutions shown in the

is getting

one-dimensionality analysis, can give us more
precise solutions but needs a long time, for example,
more than one month per one analysis. We had only
about one year before the candidates for flight
experiments were in public. Of course, if our
experiment is selected as the candidate, we have to
clearly explain the need for microgravity. The need
for microgravity is directly coupled with both the
experimental plan such as the number of the samples
and the operational plan such as the assignments of
the ISS resources.

The numerical analysis was carried out in the
case of the zone model. The zone model consists of
the only one cylindrical region as shown in Fig. 12.
The thermophysical properties in this region are
those of the InGaAs melt. Since the boundary
conditions at the top and at the bottom are difficult,
we investigate the dependence of the Sherwood
number on the temperature difference between the
center axis and the edge. The Sherwood number Sh

is defined as
®

where /4 is the mass transfer coefficient, L the system
length, D the diffusion coefficient. Now we assume
the dimension can be considered one-dimensional.
This assumption is described as

_p%C co=nac, 9)
dz

38

where C is the concentration, v the flow rate, AC is

the  concentration  difference between  the

concentration at z=0 and that at z=L. Since we
assume the InGaAs melt is the incompressible fluid,
v must be equal to 0 at the wall such as the interface.

Therefore, Eq. (9) can be rewritten as

_poc
dz

h= C (10)

By substituting Eq. (10) to Eq. (8), we obtain

the Sherwood number as

oC

Jdz
ac
L

Sh= (an

This means that the Sherwood number is the ratio of
the concentration gradient at the interface to the slope
of the line connected between the concentrations at
z=0 and at z=L. By using Eq. (I1) and the
numerically obtained concentration distribution data,
we can calculate the local Sherwood number at each
radius. In the numerical analysis, we use the
following boundary conditions, that is, (i) the linear
temperature profile is given on the cylindrical surface,
(i) the linear temperature profile or the adiabatic
condition is given at the end surface, and (iii) the
concentration corresponding to the temperature is
given at the end surface. Although the radial
temperature difference between the center and the
surface is the main driving force of the convection,
we cannot know the actual temperature difference.
Hence, we varied the temperature difference as a
parameter, and investigated the maximum allowable
difference that can neglect convection influence.

By radially averaging the local Sherwood

number, which is calculated by using the numerically
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obtained concentration data, the averaged Sherwood

number is obtained. @ The averaged Sherwood
number represents the enhancement of the mass
transport from one interface to the other interface by
the convection. In the case of the averaged
Sherwood number being equal to 1, the mass is
transported only by the diffusion and thus the
numerator is equal to the denominator in Eq. (11).
This is exactly the same as the solution of the
diffusion equation.

We calculate the averaged Sherwood number,
however, the number is almost 1. This means that
the mass transport by the diffusion is dominant in this
case. This suggests that 2mm-diameter sample can
satisfy the one-dimensionality. But we need more
accurate investigation in this case. More detailed

discussion is described in the later section.

4

r=1or25mm

»l L
—>—i

Fig. 12 Zone Model

(4) Updated thermophysical properties

Since the thermal conductivity of InGaAs is
unknown, we used the estimated values of these of
the solid and the liquid in all of the numerical

analyses mentioned above. The ratio of the

39

conductivity of 2.5, that of the liquid x; to that of the
solid k5, was used. The ratio is one of the most
important values because the temperature gradient at
the interface is basically determined by this ratio.
Therefore we have tried to measure the thermal
conductivity. By using a laser flash method, we
succeeded in measuring the thermal diffusivity at the
end of this year. From the measurement result, we
found that the diffusivity ratio is about 6. This is
unexpected result and the impact on the numerical
analysis was Thus the

large. we updated

thermophysical properties and investigated the
difference between the older results and the updated

results.  Unfortunately, only the thermal diffusivity
has been obtained. Therefore, we have to estimate
the thermal conductivity and the specific heat. We
use the specific heat of GaAs as that of InGaAs, and
then we calculate the thermal conductivity by using
the thermal diffusivity, the specific heat and the
density. Finally we obtain the ratio of the thermal

conductivity and the ratio is more than 7. The

updated properties that currently we use are

summarized in Table 3. In addition, we revised

other properties. These properties are also

summarized in Table 4. The major change is the
properties of BN,

Table 3 Updated Thermophysical Properties
of InGaAs (Cont.)

Coefﬁcu.ent of Volume 9.34x10°°
Expansion f [1/K]
Coefficient of Specific Gravity | 1.85%10”"
Change ¥ [l/mol]
Kinetic Viscosity v [m®/s] 1.5x107
Density of Liquid p, [kg/m’]|  5.9x10°
Density of Solid ps  [kg/m’] 5.3x10°
Viscosity u=v-p [Pas]| 8.9x107*
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Table 3 Updated Thermophysical Properties
of InGaAs
Specific Heat of Liquid C,; 35102
J/(kg-K)]
Specific Heat of Solid C,s 3.2%10°
[J/(kg-K)]
Thermal Conductivity of Liquid 997
k. [W/(m-K)] '
Thermal Conductivity of Solid 2.0
Ks  [W/(m-K)] !
Thermal Diffusivity of Liquid i
5 1.1x10
op = Kk [(pr:C,)  [m7/s]
Thermal Diffusivity of ];lqmd | 8x10°
o5 = K5 H(ps:C,)  [m/s]
Diffusion C?efﬁcent Dy 1.0x10°
[m7/s]
Diffusion Coefficent Dy 1
: 1.0x10
[m/s]
Latent Heat Ly, [V/kg] 5.0x10°

Table 4 Revised Typical Thermophysical
Properties
Thermal . Specific
Conductivity Oy Heat
Material ic p
[kg/m"] Cr
[W/(m-K)] I/(kg-K)]
Ta 60.2 16.36x10°| 1.54x107
38.1
1144 K
WC-103 (407) 8.85x10° | 3.43x10°
(1386 K)
Cu 3.5x10° | 8.96x10° | 5.0x10
Fused
o 40 22x10° | 1.13x10°
Crystal
1.8x10°
BN
BN/pBN 23.7 z(mz)} 1.881x10°
(pBN)
Carbon
Cloth /
Laminated 5.0 1.0x10° | 1.68x10°
Carbon
Sheet
Graphit
Smp.le 44.0 17x10° | 1.68x10°
pring

40

Arsenic

Vapor | 1.58x107 1.45 1.0x10°
(1 atm)
Vacuum
- 107

Torr)

9.2x107"" [ 3.7x107° | 1.01x10°

We investigated the differences of several
results between in the case of the older properties and
in the case of the updated ones. The typical result
of the temperature profile is shown in Fig. 13. In

this case, the combination of the two linear
temperature profiles are used as the temperature
boundary condition on the cartridge, that is, the same
boundary condition as Figs. 3 and 4. Figure 3 (b) is
shown again in Fig. 13 (b), though the scale is
changed, to make the comparison more easily. By
comparing these results, it is found that the profiles
of the sample are quite different. In the old
properties case, the profiles are convex towards the
top and are almost parallel to the profile on the
cartridge surface. On the other hand, in the updated
case, the profiles are not parallel to it and the profile
on axis is S-shape in the zone. This is mainly
caused by the change of the ratio of the thermal

conductivity from 2.5 to more than 7.
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(a) Updated Properties Case

Fig. 13  Typical Results of Temperature

Profiles (Cont.)
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Fig. 13 Typical Results of Temperature Profiles

The changes of the interface shapes are also
investigated and are shown in Fig. 14. As shown in
Fig. 14, the change at the feed side is relatively small
but the change at the growth interface is drastic.
Especially, the shape changes from the convex shape
to the concave shape towards the melt. This shape
must be improved in order to grow a single crystal.
The improvement of the interface shape will be

investigated in near future after completion of the

verification of the one-dimensional model.
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(b) Feed Side

Fig. 14 Comparisons of Interface Shapes

Discussion

As described in the result section, the
one-dimensionality is satisfied at the growth interface
in the case of the sample diameter of 10 mm. But at
the feed side, the one-dimensionality is broken in this
case. So we may have to investigate the sample
diameter satisfying the one-dimensionality. But we
do not deeply understand the characteristics of the 10

mm-diameter the

samples. For example,
temperature profile given on the cartridge surface is
ideal, i.e., the combination of two lines, though that
should be like a parabolic curve such as the second
order or the fourth order in the actual experiments.
Therefore we investigate the one-dimensionality in
the cases of several types of the polynomial curves
before we investigate other samples with different
diameters.

Thus we carried out the numerical analysis by
using the temperature boundary condition of the
polynomial curves on the cartridge surface, but all
the attempts to achieve the one-dimensionality at the
feed side were failed. In

addition, the

one-dimensionality at the growth side went worse.
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Therefore, we have to consider samples with a
smaller diameter even though under the microgravity
conditions. We will try to solve this problem next
year.

The reason why the one-dimensionality is
required is originated from the one-dimensional
should be verified as mentioned

model that

previously. The one-dimensional model is first

described in the proposal to the IAO. In the
proposal, the one-dimensional model was described

as

oT

-~ | >
aZ int

D odcC

V= 2

(12)

int

where V is the spontaneous growth rate, the
differential of the first term is the reciprocal of the
slope of the tangential line to the liquidus, and the
differential of the second term is the temperature
gradient. This equation indicates that the growth
rate is controlled not by the concentration gradient
but by the temperature gradient.

In order to describe the growth rate as Eq.
(12), we create the new concept of the solution
growth, that is, the concentration in the liquid is
saturated at the concentration determined by the
liquidus curve. This is the origin of the name of the
TLZ method. This concept is innovative because
both the concentration and the growth rate are
controlled by the only temperature profile. Namely,
the TLZ method is the melt-growth-like solution
growth. This is the crucially different point as
compared with the other solution growth techniques.

Of course, the model is applicable to the
calculations of both the growth rate and the
dissolution rate at the growth interface and at the feed
interface. Equation (12) indicates that any
parameters at the other interface are not required to

calculate the rate at one interface. This is the
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practically useful feature of the TLZ method.
To calculate Eq. (12), we must know the
of CL, Cs, the

values temperature and the

temperature gradient. Here, we introduce an
assumption of quasi-equilibrium at the interface, that
is, there are no supersaturation and no supercooling
at the interface. Therefore, if we can know the
temperature at the interface, we can obtain both C;
and C g from the phase diagram.

The residual unknown parameter is the
temperature gradient. So we establish a new
method of estimating the temperature gradient.
This method has no name yet but we call it
“Nakamura’s method” in this paper for convenience.
Dr. Nakamura is the person who established the new
estimation method '?.

In the Nakamura’s method, a linear
temperature profile inside the melt is assumed.
From this assumption, the temperature gradient can
be estimated by connecting the temperatures
corresponding to the solid compositions at both
interfaces. In the present sample configuration,
however, the melting point of the feed is set higher
than the environmental temperature to prevent from
being molten. Therefore we form the solid-liquid
two-phase coexistence region near the feed interface
in order to obtain the equilibrium solid composition
near the feed interface. After obtaining the solid
compositions at both interfaces, the corresponding
solidus temperatures can be obtained. From the
slope of the line connected the two solidus
temperatures, we can obtain the temperature gradient.
This is the outline of the Nakamura’s method.

By using the Nakamura’s method, the growth
rate in Eq. (12) can be estimated. The accuracy of
this estimation is determined by the linearity of the
temperature profile in the liquid. In fact, the

estimated growth rate matches with the actual
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averaged growth rate in some experiments but does
not match in other experiments. Therefore the
linearity should be investigated.

In order to know the temperature profile in
the model based on the

To

the melt, we apply
configuration shown in Fig. 1 to the analysis.
match the model with the actual configuration as
much as possible, the sample diameter is changed
from 10 mm to 2 mm because the 2 mm-diameter
sample is used in the ground-based experiment. In
addition, the gravity of 1 g is used in this analysis.
The result is shown in Fig. 15. As shown in
Fig. 15, we can obtain three types of the temperature
gradients, that is, the environment, the slope of the
line connected between the temperature at both the
interfaces, and the slope of the line being tangential
These

gradients are 10 K/cm, 7.9 K/ecm and 2.9 K/cm,

to the calculated temperature profile.
respectively. The gradient of 2.9 K/cm is about
30 % of the environmental gradient. In addition,
this gradient is about 36 % of the gradient from the
connected line between the temperatures at the
interfaces. This value is much smaller than that
obtained from Nakamura’s method. We initially
expected that the gradient at the interface was close
to the slope of the connected line.

Unfortunately, the slope of the connected line
is closer to the environment, that is, about 80 % of
the environment. This numerical analysis indicates
that the Nakamura’s method brings the overestimated
growth rate. This should be the reason why the
actual growth rate does not match with the estimated
one in some experiments. But in other experiments,
the estimated value well matches the actual one.
The reason is now under investigation and will be
clarified next year, but now we consider that
difference of the thermal conduction should be the

main reason. We use the InGaAs seed in some
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experiments, and the GaAs seed in other experiments.
If the thermal conductivity of the InGaAs seed is far
different from that of the GaAs seed, the temperature
profile in the InGaAs case is drastically different
from that in the GaAs case as a natural result.
Figure 13 is one of the good examples. In Fig. 13,
(a) is obtained in the case of the thermal conductivity
ratio of the melt to the solid is more than 7, and (b) in
the case of the ratio of 2.5. Under the quasi-steady
state condition, the temperature profile is dominated
by the thermal conductivity ratio at the boundary.

We will concentrate on this problem in 2002
because this must be solved from the viewpoint of
the model verification. In addition, in order to carry
out more precise analysis, we will provide a new

model based on the ground-based experiments in

2002.
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Fig. 15 Temperature Profiles (¢ 2 Sample)

By using the temperature distributions, heat
fluxes can be calculated. The heat flux is the
boundary condition of the numerical analysis that has
been carried out by the team member belonging to
Toyo University. Although the heat flux may be the
better boundary condition as compared with the fixed
temperature boundary condition, it is difficult to find
suitable and realistic heat

the flux profile.

Therefore they need an example of the heat flux
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profile to adjust the boundary condition. In order to
assist their analysis, we calculate the heat flux
profiles from our numerical results. The typical
heat flux profiles are shown in Figs. 16 and 17. In
Fig. 16, the combination of two linear temperature
profiles, e.g. Fig. 3, is used. On the other hand, in
Fig. 17, a parabolic temperature profile is used.
Although these results are obtained in the case of the
old thermophysical properties, these can enhance
qualitative understanding of the heat flux profile.
These data have been sent to Toyo University and
they have been successful in establishing suitable
heat flux profiles.

By comparing Fig. 16 (a) with Fig. 17 (a), it
is found that the heat flux in Fig. 16 (a) is much
smaller than that in Fig. 17 (a) near the growth
interface. Since the positive value of the heat flux
means the heat loss from the sample, this causes the
concave interface shape. If we succeed in reducing
the heat loss at the interface, we can obtain the flatter
shape. Unfortunately, the loss is determined by the
ratio of the thermal resistance of the solid to that of
the crucible. Therefore, it is much difficult to
reduce the heat loss. We will focus on this problem

after verification of the one-dimensional model.

Heat Flux [W.’cm’\

(a) On sample surface

44

Heat Flux [W/cm2]

z  [mm]

(b) On end surface at lower temperature side

01 f

[Wicm?2]

w02 f

03 F

Heat Flux

) .| S O R I |

z [mm]

(c) On end surface at higher temperature side
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Fig. 16  Heat Flux Profiles (Linear

Temperature)
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(a) On sample surface

Fig. 17  Heat Flux Profiles (Parabolic

Temperature) (Cont.)
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We usually expect that the there is one large
vortex and flows in the whole region. In such case,
the mass is transported by the flow from one
interface to the other interface and is consumed at the
other interface. As mentioned in the previous
section, the averaged Sherwood number is almost |
in the case of the 2 mm-diameter sample. This
usually means that the mass transport from one
interface to the other interface is dominated by the
diffusion and the convection is negligibly weak.

In order to confirm the convection Iis
negligibly weak, we investigate the flow pattern in

the melt. The typical flow pattern is shown in Fig.

45

18. In Fig. 18, two vortexes exist at the two

different locations. This is not the pattern we expect.
In this case, the mass is also transported by the
convection, but almost all the mass may return to the
If this

is true, the convection enhances not the axial mass

same interface at the different radial location.
transport but the radial transport. Therefore, the
mass transport may be affected by the convection
even though in the case of the 2mm-diameter sample.
In addition, if the convection enhances the radial

mass transport, the one-dimensionality is broken.

-

[mm]

Z

0
0 05 1
r [mm]

Fig. 18 Typical Flow Pattern

Unfortunately, it is very difficult to calculate
the Sherwood number by using the radial distribution
of the concentration. Therefore we need another
index that can represent the convection influence.
Since the Sherwood number is appropriate index
representing the convection influence, we begin to

revise the expression of the Sherwood number.

From Eq. (11), the Sherwood number is rewritten as
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, (13)

where the numerator is the mass flux affected by the
convection and the denominator is the flux under the
pure diffusion condition. Because the numerator is
the summation of the mass flux by the diffusion and
the flux by the convection, we rewritten the

numerator as

+4,
diff

(14)

cony

where A4 is the mass flux caused by the convection.

By substituting Eq. (14) to Eq. (13), we obtain

Sh=1+ (15)

02| 4y

Equation (15) indicates that Sh may be
smaller than 1 when A4 is negative. The negative A
means that the convection transports the mass in the
same direction of the transport by the diffusion. In
such case, the convection increases the total mass
transport and thus the concentration gradient
becomes smaller in order to satisfy the equation of
the continuity. On the other hand, the gradient must
increase at a certain radius since the flow direction is
opposite.  Namely, the local Sherwood number
varies from less than 1 to more than 1 along the
interface. But by averaging the local Sherwood
number, the averaged Sherwood number becomes
around 1 as mentioned previously. This means that
the mass transport by the convection to the other
interface is negligibly small but does not mean that

the convection influence is negligibly small. The
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convection enhances the radial mass transport as
mentioned above.

In order to discuss the convection effect more
quantitatively, we introduce the modified definition

of the Sherwood number, that is,

(16)

Since this is not the Sherwood number, we define this
expression as the convection influence index (C.1.1).
In the case of Sh being less than 1, the convection
effect exists. Therefore we introduce the absolute
value of 4 in order in order to count the convection
effect. Thus the C.1.I. is always more than 1.

From Eq. (14), 4 is expressed as

_|_poc
dz

A:—-Da_c
dz

(17

cony

diff

By substituting Eq. (17) to Eq. (16), we can obtain

the C.I.I. as
C.I.I.:{

The C.I.I. becomes simple expression and is

Sh
2-S8h

(sh>1)

(Sh<1) (1%

useful. To evaluate the convection effects, we
radially average the C.I./. and show the C././. under
the various conditions in Figs. 19. These figures
shows that if the C.I/. of less than 1.1 is allowable,
the temperature difference between the center and the
edge must be less than 0.1 K, 0.225 K and 0.45 K in
the cases of the temperature gradient of 10 K/cm, 20
K/cm and 40 K/cm, respectively. Therefore, the
higher temperature gradient is better in order to
the The

improve one-dimensionality.

one-dimensionality is one of the most important
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experimental conditions from the viewpoint of the

verification of the one-dimensional model.
Therefore we will numerically investigate whether
the actual radial temperature difference matches the
requirements by applying more precise model next

year.
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Fig.19 C.LI. under Various Conditions

Conclusions

The one-dimensionality at the growth
interface was verified by the numerical analysis
under the microgravity condition in the case of the
sample diameter of 10 mm. But  the
one-dimensionality at the feed interface was not
achieved in this case. By considering the ideal
temperature boundary conditions, it may be difficult
to improve the one-dimensionality at the feed side
any more. A sample diameter better satisfying the
one-dimensionality will be investigated next year.
The dummy cartridge has a potentially weak
point, i.e., the boss section. We will investigate the
interface matching between the boss section and the
furnace, based on the engineering model. The fully
functional dummy cartridge will be provided in 2002.
The result of the 2 mm sample analysis is
obtained by using the model of only the melt zone.

This model requires much shorter CPU time as

compared with the self-consistent model.  The
numerical results have enough reliability to
understand the convection influence. From the

numerical result, it i1s found that the convection does

not enhance the axial mass transport but enhances the
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radial mass transport. This means that the
one-dimensionality become worse when the flow rate
is high. Therefore we investigate the maximum
allowable radial temperature difference between the
center and the surface. The investigation indicates
that the larger temperature gradient brings the better
one-dimensionality. Since the one-dimensionality is
the most important requirement, we will perform
further investigation in 2002. In addition, we are
planning to investigate the effects of the
non-axisymmetricity such as the off-axis setting or
the tilted setting next year.

The thermophysical properties are updated.
This update caused the drastic change of the
temperature profile inside the melt. By changing
from the old properties to the updated properties, the
profile changes from the slightly curved line to the
gentle S-shape curve. This is the main reason why
the temperature gradient inside the melt is so
different from the gradient of the environment.

We also investigated the temperature gradient
inside the melt. From the result of the numerical
analysis, it is found that the gradient inside the melt
is less than 30 % of the environmental gradient.

This should be the main reason why the estimated

growth rate by using the Nakamura’s method does

not match the actual growth rate in some experiments.

In order to carry out more precise analysis, we will
provide the new model of the 2 mm-diameter sample
next year. The new model will be based on the
ampoule used in the ground-based experiment.
Since the temperature gradient is directly related to
the verification of the one-dimensional model, the
model provision and the analysis will be performed
as soon as possible.

By using results from the numerical analysis,
we calculated the heat flux profiles. These profiles

can be used as the example profiles for boundary
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the mass balance equation.

conditions, which are necessary to the numerical
analysis carried out by team members at Toyo
University. The profiles have already sent to them
and they have succeeded in getting suitable boundary

conditions.
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Appendix

The governing equations in the physical space
are the energy transport equation, the mass transport
equation, the vorticity transport equation, the stream

function equation, the energy balance equation and

These equations are

represented as follows;

or
P ot

1dydT 10y dT
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2 2
N o L N i T
ar* rar az’

Ly pu-n=

i a_T s a_T ,and (A-5)
Llan i Sl an 2

(CL—cs)u-ﬁ=~DL[ai], (A-6)
an ),

where, Wy is the stream function, @ vorticity, T
temperature, p density, C, specific heat, x thermal
conductivity, v kinetic viscosity, Lg; latent heat, B
thermal volume expansion coefficient, G the

buoyancy coefficient by the specific gravity
difference, g gravity, r radius, z length, ¢ time, C the
concentration, u moving velocity vector of the
interface, 7 normal unit vector to the interface, D
the diffusion coefficient. Subscripts of L and §
indicate the liquid side and the solid side,
respectively. In this study, the governing equations
are expressed by using the cylindrical coordinates so
as to match a typical flight sample shape.

In order to obtain temperatures and
concentrations in the liquid and the solid at the
(A-5) and (A-6) are

In Egs. (A-5) and (A-6), however,

interface, Eqgs. solved
simultaneously.
there are three variables. Therefore additional
relationship is required. In this study, a phase
diagram is used as the additional relationship. By

0 as shown in

using the phase diagram of InGaAs
Fig. A-1, the relationships between the concentration
in the solid and the temperature, and between the
concentration in the liquid and the temperature can

be described as

Cg = fo(T), and (A-T)

C,=f.(T), (A-8)

where fs and f, represent the solidus and the liquidus.
Figure A-1 is an inverse plot as compared with a
usual plot, that is, the horizontal and the vertical axes

are exchanged.
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Fig. A-1 Phase Diagram of InGaAs

The phase diagram is determined under the
equilibrium state. Therefore, the quasi-equilibrium
state is assumed in the model. If the model of the
supercooling at the interface is established in future,
more precise solutions will be obtained. But the
current model should be reliable enough because the
growth rate is dominated not by the interfacial
reaction rate but by the solute supply rate due to no
experimental observation of facets. In such case,
both the effect of the anisotropy of the interfacial
kinetics on the growth rate and the supercooling at
the interface should be small.

In order to solve Egs. (A-1) - (A-8)
numerically, the boundary fitted coordinate (BFC)
method, which is a kind of a finite difference method,
is used in this study. The BFC method solves the
governing equations that are transformed from the
physical space to the computational space.
Therefore, curved boundaries in the physical space
are transformed to linear boundaries. In addition,
the coordinates are transformed to the rectangular

coordinates in the computational space.

The BFC method has a feature of automatic
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grid generation. In this study, the method of the
grid generation based on the Poisson equation is used,

that 1s,

érr +§zz =0 s and (A'9)

N, +N, =0, (A-10)

where £ and 1 are the computational coordinates
corresponding to » and z in the physical space, and
the subscripts represent the partial differentials.
This method is well known as one of the methods of
generating a smooth grid. Since Eqgs. (A-9) and
(A-10) are inconvenient for obtaining the r-z
coordinates in the physical space, inverse expressions
should be introduced. In order to invert these
equations, the relationship between infinitesimal
elements in both spaces is required and can be

represented as

an) \n, n.\dz
dr_(re (9. (A-12)
dz Zg  Zy \dn

Equation (A-11) can be rewritten as

d z -y \(d
SVl ) (A
dan) Jl\-z¢ 1 )\dz

where J is Jacobian, 7z, —r,ze. By comparing

Eq. (A-11) with Eq. (A-13), the relationship is

obtained as follows;

_“n _
ér J 3 éz J 4
Z e
-2 g =X A-14
n, T, n. T, (A-14)
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Basing on Eq. (A-14), &,,., .., n, and 1.
can be obtained. For example, &, can be

represented as

_ 9|
5rr—ar[J}

e 9 yp 2|20
{5l

2]
Zn ,_90J . (A-15)
oe 3"
=<, 3
J
d
L zn
J

The first term and the second one in the right side of

Eq. (A-15) are represented as

Jdz
_”J_é;]_zn
d¢ d¢

J2

2
T Ey Mg Y Zg Zylen ~ Iy Zg Zgg Yy Zn 2y
= —

(A-16)
and

Jz dJ
R Ry P .
on an

J2

2
_ZeZn T T2 Ten Ty Zn Zeg 1y 2E Zpy
2
J

(A-17)

respectively.  Equations (A-16) and (A-17) are
substituted to Eq. (A-15) and thus the equation is

rewritten as follows;
grr
1 2 2
=J_3[_Zn (zn Teg =22 zp Fgg t2g" Iy )

7y (an Zg -226 Zn Zgn +Z~§2 Zm )]

(A-18)
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By the same way, & ., can be obtained as

éZZ
1 2 2
=7 (’n Teg =27 Iy Ten +75 ’nn)~
2 2
+7y (’n Zgg —27p 1y Zgg g Znn)]

(A-19)

Equations (A-18) and (A-19) are substituted to Eq.
(A-9) and then,

érr +§ZZ
1
=73—[—z,7 (0‘ Tee -2 Yen +Yr,m) (A-20)

+7, (azgé ~2ﬂz§n +)/z,m)]=0

is obtained. Equation (A-10) is rewritten by using

the same transformation method as

Ny +1.:
1
:73—[25 (argé —2[3"5” +yr,m), (A-2])

—7 (azéé —2[325,, +yz,m)]=0

where
a=rt+z2, B=rer, +z; z,,and
n n-> & T8 4>

y=ri+z}. (A-22)
By solving Eqgs. (A-20) and (A-21) simultaneously,

the following equations are obtained;

ar§5 —Zﬁrén +'}’7‘Tm =0, and (A-23)

az§§ _2ﬂ2577 +')/Znn =0. (A-24)

By solving these equations, the coordinates of the
nodes in the physical space can be obtained.
The partial differentials by the component

corresponding to the physical coordinates, # and z,
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can be also expressed by using Eq. (A-14), that is,

izz_ni_z_gi’ (A-25)
or J d&€ J an
ER I B
oz JoE Jo
82
or?
=L(ani
2 2
J 96 ,and (A-27)
2z: z o 2 o
1 ﬂaéan é anz
d J
_+ —_—
+§rr aé nrr an
82
a 2
o [r2 92 a2
Y B 2 14 ’1a P
J & con (A-28)
2
+r§2 a
an’
d 0
N —
RETACET

By using Egs. (A-25) — (A-28), all the
governing equations in the physical space can be
transformed to the equations in the computational
space. Before the physical coordinates are
transformed to the computational coordinates, Egs.
(A-5) and (A-6) must be transformed to the scalar
expression. In this transformation, it is assumed
that the interface shape and its location can be
expressed by using any function /, that is,

z=f(rt). (A-29)
By using Eq. (A-29), the normal unit vector an can

be described as
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This equation is substituted to the right side of Eq.
(A-5);

(Right Side)

=—x, (VT), -a+xs (VT)s A

S S . (A-31)

2
1+(a—f)
ar
NI YEY:
dz dr odr
e (202725
dz dr dr

On the other hand, the left side of Eq. (A-3) is

represented as;

Lg p éf_

, 2 9t
1+(8_f)
ar

By combining Eqgs. (A-31) and (A-32), Eq. (A-5) can

(Left Side) = (A-32)

be expressed as

df
L )
SLpat

_)_ (8T _9Tdf
- Haz aror L'

wx[O0T 0TS
Sloz or or B

By using the same transformation, Eq. (A-6) can be

(A-33)

also expressed as
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C, —C. )L

(c,-co)2d »
__, (2c_acasy s BV
- L dz Jdr dr ,

The governing equations, Egs. (A-1) — (A-4),
(A-33) and (A-34) are transformed from the physical
coordinates, r and z, to the computational coordinates,
& and 7.

of the following expression is used;

In the transformation, the time differential

ad

dt
_ 1, 0, @)
ar JLMaE “coanar

1 d d oz
——| - =t — ==
J o0& an |ot

(A-35)

Since ¢’ is actually equal value to ¢, ¢ is replaced with
¢ after here.

By substituting Egs. (A-25) — (A-28) and
(A-35) to the governing equations, the transformed
expression can be obtained. The energy transport
equation, the mass transport equation, the vorticity
transport equation, the stream function equation, the
energy balance equation and the mass balance

equation are described as follows, respectively;

a7 1
CP{ET(Z"
1 dz
—7(—7}7 T§ +V5 TT] )5}‘}
11
-pC, 77(‘/’5 Ty -y, Tg) , (A-36)

1
=KJ—2(O£T§§ _zﬂTéfl +'}’Trm)

11
+K'77(Zn Té —Z; Tn)
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(A-37)
I
=D, 7‘(0‘ Crg ~2BCugy
Y CLnn)

+D, %%(Zn CL5 —zg CLn)

or
dt

ICs 1

37 _7(211 Cse—2¢ Csn)

L,

1
=DSJ—2((xC555 ~2BCg, 5 (A38)

+yCSnn)
11
+'l)s ;:j;'(Zn (jS§ _-Zé (jsn )
90 12y wp -25 0,) 2%
ar J e eTnlay

1 0
—7(’n Wy —7¢ “’n)a—f

A i)
r g2 nWeTre ¥y
X(an5—2§ wn)

11
—7J—2(Zn Ve —2¢ ‘l’n)

X(—rn a)g +r§ a)n)
11
—r_zjw(—r" Ve t+7; 1//,,)
=VJL2(O£60§§ —zﬂwén +yw,m)

11
+V:7(Zn 605 —Zg a)n)

1 1
"\’;:E'O)'Fj;'1351(tzn 7% —‘25 Th )

A-39
+§Gg(an§—Z§Cn) - (A59)
-rJ%w
=AY ~2BYe YV, , (A-40)
J
L (v -2w,)
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9/

LSLPT97
1 1
=—er—-j—(—ﬁT§+yT,,)L, (A-41)
)
I 1 )
*'KTS ——-i;——'C'lz 7% +'y 7} R
s
Jf
(CL_CS¥ (A-42)
11 »T
=-D, ———-BC,. +yC
L”.gJL(ﬁ e tY Lq)L

where subscripts of L and S represent liquid phase
and solid phase, respectively. The method of
obtaining solutions is summarized and shown in Fig.

A-2.
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