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In order to investigate conditions to grow semiconductor crystals with convex solid-liquid 
interface under microgravity, numerical calculations have been carried out.  The 
calculation code is based on the boundary fitted coordinate (BFC) method.  The current 
code has been improved so as to simultaneously solve nonsteady governing equations, such 
as an energy transport equation, a vorticity transport equation, a stream function equation, 
and an energy balance equation.  By using this code, both interface location and interface 
shape change are traced for various gravity levels.  In order to investigate reliability of the 
calculation, a ground-based experiment is carried out.  From the comparison of these 
results, it is clarified that the numerically obtained initial interface shape well agrees with 
the experimentally obtained one.  In order to obtain the trend of the shape change, the 
shape is fitted by a parabolic function and a proportional coefficient of the second order 
term is obtained.  The trend of the experimental result is about twice as steep as that 
obtained by calculation.  However, calculated temperature profiles well agree with 
experimentally measured temperatures. 

 
1. Introduction 
   In a melt growth technique using a crucible 
such as the Bridgeman method, a shape of a 
solid-liquid interface should be convex toward the 
melt in order to grow a single crystal.  Generally, 
a grain boundary macroscopically will grow 
perpendicularly to the interface.  Therefore, if 
the interface shape is convex, nuclei appearing 
around the crucible wall will be caught by with 
the wall, and then will be eliminated before 
developing into a grain boundary. 
   On the earth, the convex shape can be 
achieved by optimizing growth conditions and by 
modifying a furnace suitable for the material.  

However, in the microgravity experiments, it is 
difficult to optimize a furnace for one material 
due to a multipurpose furnace.  Furthermore, 
limitations such as safety, power resources, 
weight and size make this optimization more 
difficult.  Therefore, an interface shape is 
concave 1, 2) in the past melt growth experiment 
under microgravity.  Since only polycrystals or 
small single crystals can be obtained due to the 
concavity, the effectiveness of the microgravity 
experiments begins to be doubted. 
   In order to clear away such a doubt, it is 
required that a large single crystal enough to 
evaluate the characteristics must be obtained in 



 

 

the microgravity experiment.  For this purpose, 
it is one of the extreme priority subjects to make 
the interface shape convex under the microgravity.  
However, the timely and various improvement of 
the furnace for the microgravity experiment being 
similar to that on the earth is difficult as 
mentioned above.  Thus, it is required improving 
performance of an ampoule and a cartridge to 
compensate the furnace performance 2, 3). 
   In order to get the suitable configuration of 
the ampoule and the cartridge for the convex 
shape, numerical analysis has been carried out.  
In order to obtain more precise results, the 
calculation code has been improved.  The code 
of the current version can solve nonsteady 
simultaneous governing equations of energy 
transport, vorticity transport, stream function, and 
energy balance.  Therefore, the code can trace 
the interface location and the shape change from 
moment to moment. 
   In this study, the performance of the present 
candidates of the flight ampoule and the flight 
cartridge is investigated by the numerical analysis.  
The reliability of the calculation result is also 
investigated by comparing with ground-based 
experimental results.  To discuss the reliability, 
the tendency of the interface shape change in the 
calculation result is compared with the change in 
the experimental result.  The temperature 
profiles are also compared. 
   In this paper, the mathematical model is 
described in the next section, then the calculation 
result, the experimental result on the ground, and 
discussion are described, and finally the results 
are summarized. 
 
2. Mathematical Model 
   In this study, the boundary fitted coordinate 
(BFC) method 4−7), which is a kind of a finite 
difference method, is used.  The BFC method 
solves the governing equations that are 
transformed from the physical space to the 
computational space.  The BFC method has a 
feature of automatic grid generation.  In this 
study, the method of the grid generation based on 
the Poisson equation is used.  This method is 
well known as one of the methods of generating a 
smooth grid. 

   In this paper, it is assumed that the interface is 
determined by only the temperature, that is, the 
material is assumed to be the element or the 
binary compound.  Thus the governing 
equations that have to be solved are the energy 
transport equation, the vorticity transport equation, 
the stream function equation, and the energy 
balance equation.  In this study, the cylindrical 
coordinates are used by considering a typical 
flight sample shape.  Therefore, the governing 
equations are described as follows; 
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where, ψ  is the stream function, ω  vorticity, 
T  temperature, ρ  density, pC  specific heat, 
κ  thermal conductivity, ν  kinetic viscosity, 

SLL  latent heat, B  thermal volume expansion 
coefficient, g  gravity, r  radius, z  length, t  
time, u  moving velocity vector of the interface, 
n̂  normal unit vector to the interface.  
Subscriptions of L and S indicate the liquid side 
and the solid side, respectively. 
   Here, before the physical coordinates are 
transformed to the computational coordinates, 
Equation (4) 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 f , that is, 

 ),( trfz =  . (5) 

By using eq. (5), the normal unit vector n̂  can 
be described as 
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This equation is substituted to the right side of eq. 
(4); 
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On the other hand, the left side of eq. (4) is 
represented as; 
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By combining eqs. (7) and (8), eq. (4) can be 
expressed as 
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The governing equations, eqs. (1) – (3) and (9), 
are transformed from the physical coordinates, r  
and z , to the computational coordinates, ξ  and 
η .  However, the transformation requires 
relationship between the physical space and the 
computational space.  The relationship between 
minute elements in both spaces can be expressed 
as 
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Subscriptions indicate the partial differentials.  
Equation (11) can be rewritten as 
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where J  is Jacobian, ξηηξ zrzr − . 
By comparing eq. (10) with eq. (12), the 
relationship is obtained as follows; 

 
J

z
r

ηξ = , 
J
r

z
ηξ −= , 

 
J

z
r

ξη −= , 
J
r

z
ξη =  . (13) 

   The partial differentials by the component 
corresponding to the physical coordinates can be 
expressed by using eq. (13), that is, 
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The time differential can be also rewritten as 
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Since t ′  is actually equal value to t , t′  is 
replaced with t  after here. 
   By substituting eqs. (14) – (18) to the 
governing equations, the transformed expression 
can be obtained.  The energy transport equation, 
the vorticity transport equation, the stream 
function equation, and the energy balance 
equation are described as follows, respectively; 
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where 

 22
ηηα zr += , ηξηξβ zzrr += , 

 22
ξξγ zr +=  (23) 

In order to obtain eqs. (19) and (20), the 
following equations,  

 0=+ zzrr ξξ  , and (23) 

 0=+ zzrr ηη  , (24) 

are substituted.  Equations (23) and (24) are the 
same as the equations that are used for grid 
generation.  In order to generate a grid, the 
inverse expressions of eqs. (23) and (24), 



 

 

 02 =+− ηηξηξξ γβα rrr  , and (25) 

 02 =+− ηηξηξξ γβα zzz  , (26) 

 
are used.  These equations mean that the 
coordinates in the physical space are transformed 
to the coordinates in the calculation space as they 
are. 
 
3. Calculation Results 
   Equations (25) and (26) are applied to an 
ampoule and a cartridge shown in Fig. 1 in order 
to generate a grid.  These ampoule and cartridge 
are the present candidates for a flight experiment.  
The ampoule is based on the ampoule used in the 
past Japanese experiment under microgravity 2, 3), 
however, the present one is improved so that the 
convex interface shape can be obtained. 
   Since the ampoule is usually set in the 
cartridge as shown in Fig. 2, the whole cartridge 
is modeled.  The grid in this model region, 
which is generated by using eqs. (12) and (13), is 
shown in Fig. 3.  By using the grid, temperature, 
stream function, and vorticity distributions are 
calculated.  The heating sequence is as follows; 
(i) melting back with heater speed of 5 mm/hr for 
2 hours, (ii) stopping heater transfer for 1 hour, 
(iii) growing a crystal with heater speed of 1 
mm/hr.  It is assumed that a given temperature 
profile is formed on the surface and moves with 
the same speed as the heater transfer speed.  The 
temperature profile is a combination of 
temperature gradients of 20 K/cm and 80 K/cm.  
The temperature is clipped so as to be a certain 
temperature range, 313 K to 1573 K.  The end 
surface at the higher temperature side is assumed 
to be adiabatic.  The end surface at the lower 
temperature side is well cooled and thus the 
temperature at this side is assumed to be equal to 
the temperature on the surface.  The temperature 
profile and heating sequence is summarized and 
is shown in Fig. 4.  The governing equations are 
transformed to the implicit difference equations 
and solved by the successive overrelaxation 
(SOR) method. 
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Fig. 1  Schematic View of an Ampoule 
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Fig. 2  Schematic View of a Cartridge 

 

Fig. 3  Generated Grids 

 
(a) Backmelt Phase 

 
(b) Crystal Growth Phase 

Fig. 4  Heating Sequences 
 
   In order to investigate the difference between 
the interface shape under the microgravity and 
that on the earth, the gravity of both 4101 −×  g 
and 1 g is used.  The used thermophysical 
properties are summarized in table 1.  The 
typical results in cases of both the microgravity 
and the ground are shown in Fig. 5 and 6, 
respectively.  The interface shape and its 



 

 

location in these cases are also traced and shown 
in Fig. 7 and 8, respectively. 
   From the calculation results, it is found that 
the interface shape is convex towards the melt in 
the backmelt phase and the shape changes from 
convex to W-shape in the growth phase.  By 
comparing the shape under the microgravity with 
that on the ground, it is clarified that the shape on 
the ground is flatter than that under the 
microgravity due to thermal convection.  The 
difference between the shapes in the backmelt 
phase and in the growth phase should be due to 
the latent heat.  In order to investigate the effect 
of the thermal convection on the interface shape, 
the shapes in a few gravity levels are compared 
and shown in Fig. 9.  The interface shape is 
obtained at 10800=t  s.  This means that the 
interface is at the initial interface location.  
Since the interface shape can be convex not only 
in space but also on the earth, results from 
ground-based experiments are useful for studying 
on the configuration of the flight ampoule and 
cartridge.  The convex shape can be obtained by 
modeling the current candidates for the flight 
experiment, however, the convex region is not 
enough.  Therefore, another improvement has to 
be investigated in future. 

Table 1  Typical Thermophysical Properties 

Material 
Thermal 

Conductivity 
κ  [W/(m·K)] 

Density 
ρ  [kg/m3] 

Specific Heat 
Cp  [J/(kg·K)] 

Ta 60.2 16.36×103 1.54×102 

WC-103 
38.1 (1144 K) 
40.7 (1386 K) 

8.85×103 3.43×102 

Cu 3.5×102 8.96×103 5.0×102 

Fused Crystal 4.0 2.2×103 1.13×103 

BN / pBN 7.0 
2.0×103 (BN) 
2.1×103 (pBN) 

2.1×103 

Carbon Cloth / 
Laminated Carbon Sheet 

5.0 1.0×103 1.68×103 

Graphite Spring 44.0 1.7×103 1.68×103 

Arsenic Vapor (1 atm) 1.58×10−3 1.45 1.0×103 

Vacuum (~ 10−5 Torr) 9.2×10−11 3.7×10−10 1.01×103 

 

 
(a) Temperature 

 
(b) Stream Function 

 
(c) Vorticity 

Fig. 5  Calculation Result ( 4101 −× g) 

 

 
(a) Temperature 

 
(b) Stream Function 

 
(c) Vorticity 

Fig. 6  Calculation Result (1 g) 
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(a) Backmelt Phase (Time Interval: 5 min.) 
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(b) Growth Phase (Time Interval: 30 min.) 

Fig. 7  Interface Location ( 4101 −× g) 
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(a) Backmelt Phase (Time Interval: 5 min.) 
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(b) Growth Phase (Time Interval: 30 min.) 

Fig. 8  Interface Location (1 g) 
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Fig. 9 Comparison of Interface Shapes 
(t = 10800 s) 

 
4. Experimental Result 
   In order to evaluate the reliability of the 
numerical analysis, calculation results must be 
compared with the experimental one.  Since it is 
very difficult to obtain the result from the 
microgravity experiment, the experimental result 
on the earth is used as the reference data.  The 
ampoule is schematically shown in Fig. 10.  The 
photograph of the ampoule, which is nearly 
finished fabricating, is also shown in Fig. 11. 
   An InAs sample is used since this material has 
two elements which are also included in the target 
material, InGaAs, and since the interface shape is 

determined by only temperature.  The 
experimental sequence is as follows; (i) the 
ampoule is slowly descended into a vertical 
gradient heating furnace and is set at the initial 
location, (ii) the ampoule and the furnace are 
maintained as they are to achieve the thermal 
equilibrium for more than 1 hour, and (iii) the 
furnace is transferred to make the sample 
directionally solidify.  The obtained sample is 
shown in Fig. 12.  Although the obtained sample 
is polycrystalline, the interface shape can be 
measured at a few locations.  The measured 
shape is compared with the numerical one in the 
next section. 
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Fig. 10 Schematic View of an Ampoule for 
Ground Experiment 

 

Fig. 11  Photograph of an Ampoule 



 

 

 

Fig. 12  Sample Photograph 
 
5. Discussion 
   In order to investigate the reliability of the 
calculation, another numerical calculation is 
carried out.  In this calculation, another 
numerical model based on the experimental 
configuration is built.  The grid generated by 
using this model is shown in Fig. 13.  The grid 
region is based on the region where the 
temperature is measured.  By using this grid, 
temperature, stream function, and vorticity are 
calculated.  In this calculation, the temperature 
on the surface is given and both of end surfaces 
are assumed to be adiabatic.  The temperature 
profile on the cartridge surface at the time of t = 0 
is shown in Fig. 14.  The time of t = 0 means the 
time just before starting solidification. 
   The obtained result at t = 0 and the interface 
location are shown in Fig. 15 and 16, respectively.  
The calculated interface shape is compared with 
the experimentally obtained one as shown in Fig. 
17.  In this figure, the z position of 19 mm 
means that the distance from the initial interface 
location is equal to 19 mm.  The calculation 
result at the initial interface location well agrees 
with the experimental result.  However, in the 
case of the calculation result at z = 19 mm, it 
seems that the interface shape does not so well 
agree with the experimentally measured shape. 
   In order to investigate the reason, the shape 
change along the longitudinal direction is 
computed.  To obtain the quantitative expression 
of the shape, the shape is approximated by a 

function of 2)( rarf =  and the proportional 
coefficient of the function, a, is used as the index 
of the quantitative expression.  The change of 
the coefficient a is shown in Fig. 18.  In Fig. 18, 
the closed circles represent the experimental data.  
As shown in Fig. 18, the trend of the 
experimental result is only about twice as steep as 
the trend of the calculation result.  This 
difference can easily occur due to the little 
difference of the thermophysical parameters or 
the boundary conditions between the used value 
and the real value. 
   Another point of view on the reliability is a 
temperature profile.  The calculation result is 
compared with the experimentally measured 
temperature as shown in Fig. 19.  Fig. 19 shows 
that the calculated inner temperature profile well 
agrees with the measured temperature.  The 
maximum error is about 3 percent.  This 
indicates that the temperature distribution is 
precisely computed in general. 
   The tendency of the interface shape change 
has relatively larger error as compared with the 
error of the temperature profile.  This suggests 
that the thermophysical parameters required for 
the temperature calculation, that is, thermal 
conductivity, density, and specific heat, are not so 
different from the proper values.  On the other 
hand, the latent heat is used for the only 
calculation of the interface shape and location.  
This also suggests that the latent heat might have 
the relatively large error. 



 

 

 

Fig. 13  Generated Grid 
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Fig. 14  Temperature Profile 
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Fig. 15  Calculation Result 
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Fig. 16  Interface Location 
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(a) Initial Location 
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(b) z = 19 mm 

Fig. 17 Comparison between Calculation and 
Experimental Results 
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Fig. 18  Trend of Interface Shape Change 
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(a) Initial Interface Location 
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(b) z = 19 mm 

Fig. 19  Calculated Temperature Profile 
 
6. Conclusions 
   In order to investigate the way to obtain the 
convex interface shape, the nonsteady state 
numerical calculation is carried out.  The 
calculation code is originally developed and is 
based on the BFC method in cylindrical 
coordinates.  From the computational result, it is 
found that the convex shape can be obtained in 
the limited region in the case of the candidates for 
the flight ampoule and the flight cartridge. 

   In order to investigate the reliability of the 
calculation, the calculation result is compared 
with the ground-based experimental result.  It is 
found that the computed shape at the initial 
location well agrees with the experimental one. 
Although the divergence between the numerically 
obtained and experimentally obtained shapes 
gradually increased with the longitudinal 
direction, the trend slope of the experiment is 
only twice as steep as the trend slope of the 
calculation.  It is also found that the calculated 
internal temperature profile well agrees with the 
measured temperature.  By considering those 
results, the divergence might be caused by the 
value error of the latent heat. 
   The interface shape is the common problem in 
order to grow a single crystal.  The numerical 
analysis, such as the calculation in this paper, will 
be effective method of solving the problem.  
And the experimental result obtained under the 
microgravity, too.  Namely, there is the 
possibility that the results of the research related 
to the microgravity experiment can be applied to 
the research on the earth.  This is one of the 
most important points of view in the present 
microgravity experiment. 
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