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We investigate the crysial growth process of an InAs-GaAs binary semiconductor by the Travelling Liguidus-
Zone (TLZ) method under terrestrial gravitational conditions numerically and discuss the effect of the
srocess. First, we

angle between the crystal growth direction and the gravity direction on the crystal growth
explain this new crystal growth technique and then develop a numerical model and calculation method of
the growth of binary crystals, by which the flow field in the solution, the temperature and concentration
fields in both the solution and crystals, and the shape and movement of the crystal—solution interfaces are
determined. We focus, in particular, on the effect of th
growth process. We find that (a) When the crystal size i
field is not seriously deformed as long as th n‘xdmaaor} moiL is less than [ °. The degree of supercooling
is remarkably reduced compared to the case when crystals are grown in the mnzomc&} direction; {(b) When

crys*izzi size and the inclination angle on the crystal
2 mm, convection is reducui and the concentration

(")

“

the crystal size is greater than 5 mm, convection is intensified and the concentration field is seriously
deformed. The degree of supercooling is increased as the inclination angle increases. The above resalts
Qh()W that growing single crystals under tervestrial gravitational conditions are very difficult if the crystal

&

I. Introduction
it is believed that convection induced in the melt or
solution lowers the quality of grown crystals or

causes polyur\-‘stal 1&&1,011 during the crystal growth {~ 1 ug) is available.
crogravity e xpex iments of Growing single crystals of uniform compositions

can be carried out under betier conditions; that is,
the long duration of low residual gravity conditions

process. Therefor
e = ot e -c e ateris e ;
crystal grow vth have !GCC 1 carvied out inreeent years of multi-component materials is very difficult

using drop towers, atrcraft, rockets, space shuttles compared to that o s'm rle-component materials since
and satellites in order 1o reduce buoyancy convection - the shape and movement of the crystal-solution
and grow high quality crystals [1-7]. Now. the interfaces are determined by the concentration field
Iaternational Space Station is expected to come into in addition 1o the velocity and temperature fields.

operation in 2005 so that crystal growth experiments The interfacial temperature and concentration of the

’:)
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solute vary along the crystal-solution interfaces. Note
that the interfacial temperature is the melting
temperature and therefore is constant along the
interfaces in the case of single-component crystals.
We have studied the growth process of an InAs-GaAs
binax’y crystal numerically and found that it is very
Ticult 1o grow a crystal of uniform compositions
by ;hc Bridgman method even under 1 Lg conditions
because of the high Schmidt number, which is caused
by the low diffusion coefficient of the solute {8]
Since the Prandtl number of semiconductor solutions
is very low, the temperature field is not seriously
rmed by convection, whereas the concentration

CL

3 convection and 18 deformed
dt number. As a

tis very sensitive i€
gh Schmi
¢ deforn
 important

com pi)ﬂ@ﬂl

y by it due to the hi

P

, the crystal interfaces ar

anothe

Ci'yﬁi:l growth proceeds. There
hmh ma}“.s ihe STOW 1h

fautor mulf-

> solution due 1o the high Schmxdt number
In this report, we focus on the ¢
ig conditions from a

in the

i

tal under

in, . Ga, _Ascr
macroscopic point of view based on continuum

thermofluid dynamics coupled with first-order phase

transition. We review the TLZ method briefly in

Section 2. We introduce 2 numerical raodel of cwsi:&

growth by the TLZ method and explain the numerical

procedure in Section 3. We show the result of the

calculation and discuss the effect of the angle

between the crystal growth and gravitational

directions on the crystal growth process by the TLZ
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Fig.l Travelling Liguidus-Zone method. A linear

concentration distribution is established in the solution and
crystal grows nawrally following Eq.(1). Therefore, if the
heater 1s moved at the spontancous crystal growth rate, a
crystal of uniform compositions can be grown.
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Fig.2 Pseudo-binary phase diagram of InAs--GaAs.
method, In the final section, we summarise the resulis
obtained in this study.
2. Travelling L%quﬁég&&me method
As we mentioned, the concentration field and the

a

crystal—solution in seriously deformed

and an In, .Ga__/
cannot be grown even undcr I pg conditions if
stals are grown by the Bridgman

1 of uniform (.ompomions

in, Ga, As cryst
i‘.’xuu‘l(}duuﬁ? o the high Schimidt nun To improve

this situation, Kinoshita ¢r af. {11,
crystal growth method calied the
Liguidus-Z {TLZ) method. Nc

<} ps‘oposeéj anew
Travelling
> summarise the

(o
H

one

¥

olution iy
The
od and the ordinary
temperature and
¢ kept constant in
wing the growth

ysials.

difference between the T
zone melting method i

“solute concentration araq lienis are

S"

the solution i the growth direction
"E‘LZ )
ntration is usually constant

process in the case of the

whereas the in%aiqi conce
iy the seed and feed crysialy and the solution in the
case of the zone melting method. If there is no

convection, the hmdr temperature and concentration
distributions can be n‘zamtamcd in the solution, and
crystal grows spontancously 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
difference b

o

e ctween the two interfaces is

small {.\cc Fig.2 for the phuse diagram of the InAs-
GaAs binary system §'=’é£.}\ That is why this crysial
growth method is called the Travelling Liquidus-

Zone method. However, supercooling always ocours
in this case since the liguidus curve is, in fact, slightly

convex {Fig.2). Theref
supercooling in the solution IS very important iu the

fore, reducing the degree of
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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. The inclination angle of gravity is ¢. The velocity, temperature and concentration fields and the shape
and movement of the interfaces are calculated numerically,

case of the TLZ method. The femperatures a nd solute
reyiionnteatiane ot tha sevetal _enlnrinn infarinasac andd
AUV OIILE GRLIRJED L Llie \/)) SLGETOUIILLIVEL JLHL AL LD aing
the movement of the interfaces are determined by

the heat and mass balance at the imexfacw and the
liguidus and solidus curves. The growth rate can be

estimated as follows in the case of one-dimensional
diffusion limited growth by the TLZ method[11,12]
D ( dc ( a;-“)
V= ———— | — —_— ‘1
7 Ay ~ . (1)
\Cs = CLj \OL Jpiguids \ OX J

where v is the growth rate of the seed crystal, D; the
tof the solute i the solvent. C;
niration of the solute at the

diffusion coefficien
the saturation conce
solution side of the crystal-solution interface. C; the
saturation concentration at the crystal side of the
interface, (9C/0T) . the slope of the liquidus
curve at the interfacial temperature, and (J7/dx); the
at the crystal—solution interface.

i BUNGA Bapnpert
Ure gradicii

e 8¢ )hm, concentration decreases as crystal grows
1{ h' heater is not moved since the temperature at
the sced crystal-solution interface rises with the
movement of the interface. Therefore, if the heater
is moved at the speed of the erystal growth rate v,
the interfacial ttrngxmtum and umcuma ions can

be r\pm constan
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during the crystal growth pmcew In other words, a
CIZ;\/,Q{I'H {.H UYHH)I in C()N}p(.;SHIOZlS can be gi'()\&’i1.
However, the temperature and concentration fields
may be disturbed by convection. Therefore, we
investigate the effect of convection on the crystal
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gravitational direction on crystal
zhat when the angle is zero, that is,

ection (see
able.

ection and

rowth. Note
ystal grows in the antigravitational dire

ig.3)\ the system is rather thermally st

"I’]

3. Numerical modeling and calenlation 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 tion area
is divided into three regions: sced crysial, solution
and feed crystal. The solution and the crystals are
placed with an inclination angleg and the heat flux

in Fig.3. The calcuk

s

as R S e MO PR |
AINHUL ST RIS ] 1‘ e N \‘VIHL,H I8 pasca

f the crystal growih experimental

on the heater
system of the Japamse experimental module (JEM)
in the Iniernational Space Station. The total amount
of the heat input iy equal to that of the heat ourput.
The h
grows in the — v direction. The feed crystal-solution
interface and the seed crysial-solution interface are,

by the following equations:

eaters move upwards so that the seed crystal

re.spcct'wc'iy expressed

ST X il i
1 are ULLLU

{ =F x\\ .I}anu x‘—-: ( nined
b} the heat and mass balance zn the interfaces and
the liquidus and solidus curves on the phase diagram

{see section 3.3).
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The coordinate x, time 7, pressure p, velocity «
and temperature T are nondimensionalised as

follows:

X = X , 7= % , U = i
L Elv, v, /L

pa b gulTTL o
:GOVIZ,/L2 g, L/A, -

where L, v, p,. ¢, and A are, respectively, the depth
of the solution layer, the kinematic viscosity, the
density, the maximum valuee of the heat flux (see
Fig.3) and the thermal conductivity. Subscripts £, S

and f represent liquid, solid and the melting point of

InAs. Note that the concentration of InAs is already

). The nondimensional

nondimensionalised (see F

goveming eguations are i\/eﬂ in the following:
i g

gOVeiniiig
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3.1 Governing egquations 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:
ay,
ZHiog
3Xi (3)
Momentum equation
U, U o, _ aP U,
dr X, 3}/ 55{.
C
B Bk
Pr Se

by both the
ces are laken

where the buoyancy forces caused
temperature and concentration differ
into account and 4, is the ursii 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:

I8 a8, 1 28
Ly, S o )
JT ¢ r IX,0X, -
Transport equation of concentration of InAs:
aC, aC, 1 dC,
= + U,‘ == (6)
ot ! oX, Sc 0X,0X ;- -

We do not take info account the Sorét effect in this
study since it has very little effect on the crystal

30

growth procew in the case of the InAs-GaAs system
[8]. Ra', R, Prand Sc are, respectively, the Rayleigh
number based on the temperature difference, the
Rayleigh number based on the concentration
difference, the Prandtl number and the Schmidi

number:
r_Bsg q0L4 ¢ _ YgACL
Ra = ———, Ra =-"""———0,
’;“L v DL vy
14 v
Pr=—"Lt, Sc=—*t (7N

K. D, )
where . g, k. yand D, are, respectively, the
fcmpcrai‘u e coetficient of volume expansion, the
gravitational acceleration, the thermal diffusivi ity, the
concentration f‘ ticient of volume expansion and
the diffusion coe f, ient of the solute.

3.2 Governing squations in seed and feed
rysials

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

[¢]

Heal conduction equation:

26, K, 9%,

dt  Pr oXxoX, - ®)
Diffusion equation:
oC, Dy 3°Cy

= IXOK - ©)

ot Se dX,0%,

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:
Ky _ D )
K, = ;‘L‘ v Dy, '15: (i)

3.3 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.

Hear balarce at the interfaces:

I _ f{ ( 96, _ 9K 98,
ot  Pr| \9X, aX, X, )
06 oF’ 38
+G. | —5 - L 7S .
SL[&X[ X, axzj (I
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Mass balance ai the intevfaces:

€, —cy 2B~ L] [oc, _or ac.)
£ Se| \o%, X, 3%, J
(9c, oF 3C
'T‘D - ed 3 4 “;
s ox,  ox, 8X2] (1)
Here, F. 1is the interfacia} position

!

nondimensionalised by £, and i (= [, Z) corresponds
P and 2 (see

comespend toi=1and 2. G,

1o interfaces Fig.3}. Double signs, T

and 4. ¢

the thermal conductivity of the crystal o th
nd S is the Stefan number

at of the

solution, a

o
i
Lk
—

b re and concentration are not
independent at Lbe crysia I-solution interfaces. The
relations between the remperature and the
concentration are given by the liquidus and solidus
curves on the phase diagram. The lemperature
changes continuously at the interfaces; that is, §, =
6 at X, =F "and ], whereas conce entration € i«
differ un from C, at the interfaces. Since gF /97 is
common in Eas. (; 1) and (12}, the right-hand side of
Eo.(11) is equal to the right-hand side of Eq.(12)
divided by (C, — ). Therefore, the iempemums at

the interfaces can be calculated. The interfacia
temperatures having been determined,

concentrations at the inzer ':tces are obtained via the
tHguidus 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 approximaied by polynomial funictions of the fifth
order. Here, we do not take into account the inte 'faciai
energy of the crystal-solution interfaces, that is, the

Gibbs-Thompson effect[8,13], which has a L,mcm}
effect when the radius of the interfacial curvature is

very small.

process, we employ the hmmd uy fit methed to solve
the governing cquations cfficiently {14]. The
goveming cgquations are transformed mtroducing the
following new coordinates in the three regions:
Feed cryvstal:

Xl

g o

tH

4)
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is the ratio of

where £/,
mlcuacn {see 'k
Solution:

" 1is the position of the feed crystal-solution

w 7,)

X, - F(X,.7)
F (X, 1)~ F (X,,7)"

= (15

where £, is the position of the seed crystal—solution
Seed crysial:

X ~F(%,,7)
TA-FE(X,0)°

i

where A is the aspect ratio of the system, that is, the
ratio of the width of the whole system to the depth
f the crystals and solution (Fig.3). The above
cogrdmatu are normalised as 0<&,7n,£<1. Th
transformed governing equations are solved by th
finite difference method. The time and spatial
differentials are approximated by the first-order
explicit formula and the second-order central
Let us sumunarise the calculation procedure:
(1 The feed uys{ai«scluuon and seed crysta l
solution interfaces are planar tnitially. The
amiml concentration of InAs in the bCCde\/ tal
is 0.3, which is our target value, and that in
the feed crysial
which depends on the initial temperature

1t the solution and the initial s

is sel at a constant value,

zone width. The concentrations at the solution
sides of the interfaces are determined by the
the phas
concentration is linearly distribuie

solution and hinear tempera
ven along the solution

se diagram. The
d in the

tributions

liguidus curve on

ature dis
and crystals

£

interfaces arc set at the eguilibrium values
1

corresponding to the interfacial

concentrations.

(2 We start heating and cooling the %\ﬂm%
externally as shown in Fig.3. ?\Eolc that the
Rayleigh number is dchned using ¢, which

e heat flux

is the maximum value o x from
}

the heater (see Fig.3).

{ kY] We salve the gove
and (9) to obtain th

concentration fields i

in the solution, and seed
and feed crystals.

(4y  The interfacial temperature and concentration
rmined by the heat and mass balance
equations and the liquidus and solidus curves
on the phase dit xg am (see section 3.3).

The interfacial t
determined. the

are dete

emperature having been
time derivatives of the

e
L
fely
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Table 1 Physical properties, system dimensions and growth conditions

Kinematic viscosity v, PS> 10
Density [ S.9x i
Thermal conductivity of solution A 3.0
Thermal conductivity of crystal A, 1.2
Temperature coefficient of volume expansion 8 9.34 x {0+
Concentration coefficient of volume expansion ¥ Tdx g
Thernal diffusivity of solution K, Lixigs
Thermal diffusivity of crystal K 30 i
Diffusion coetticient of In in solution D, 510
Diffusion coetficient of In in orysial D, FOX 10
Latent heat L, S5.0x ¥
Depth of solution and crystal L 2,510
Widih of solution and crystal o [mm] O
Heater speed Imm b} 0.4
crvsta%soluiion interfaces are calculated by
Eq.(11) and therefore the new positions of the 40 i 40 40
inter 1'ce.~; are obtained. Using the new i
42 42— 42
interfacial temperatures and concentrations B p—
and the new interfacial positions, procedures U ﬁﬁ ——
3445 d sl %30, Bl
33-(5) are repeated. ’ -
] (34 )_'ak ;c%cm - §§§§§L -
The nondimensional parameters are estimated so il 4641310 46t
: 814
based on the physical properties of InAs and GaAs EEJ TR
. . . ~ ;
115,161, The cz‘yst&l size, that is the width of the 48““‘ BTHD L
! G804
solution, is changed; 2 mm, 5 mm and 10 mm, and ) T 1290
the heicht of the solution zone s fixed a1 15 mm ! 50~ 50
[§ 3194 Jl\.iéll& LRU i BUIUL OB !\}n i ni,u ar 1.0 FEE RN § E
The maximum heat flux, g, is 1LOKW/nv’. The inidal ve 5 -
B 32 1
temperature gradient in the selu* onis i ); Jem. The o 0 PO
heater S{)CC@ is setat 0.4 mm/h, which is the gﬂ}\'\:th Streamlines isotherms fsoconcentration lines
rates corresponding to the temperature gradients in (@)
the solution, that s, 10 ExAm in the case of the one- 40 40 0
). The physical properties, system dimensions 42+ 42+
and growth conditions are summarised in Table 1. —
The governing eguations were converied paR RELL M
introducing the vorticity and siream fupction. The - ~02]]
et g 2y N 4611210 6-TTE)
whole calculation space is divided by 123 x 31, 163 » -
e —
x 41 and 203 x 31 finite difference grids and the 3 PR X1
T 48
r\x «\Xilwxxn 2 B 3 s 3 | —
i iitei} T35% 129() :m
&m}pumt 50~z logq SO TEEEE
oithc i § were wi : 52 52
) > 6 1 o i 6
in the following section are based o
. N Streamlines - isotherms Isoconcentration lines
using 163 x 41 grid points. e

Fig.d Streamlines, isotherms, 1soconcentration lines and
shapes of the crystal-sojution interfaces. The crystal size
is 2 mm. The initial solution zone height is 15 mm and the
ngle between the iy tcmpvmiurc gradient in the solution is 10 K/em. I g
avitational  isapplied. Re’ = LI6X 107 R = 7.62 < 1, Sc = 10, §F
= 113 X 107 (a) The inclination angle @is 1% (b)Y = 5°

4. Resuil and discussion
We investigate the effect of the a
crystal growth divection and
direction, and the crystal size on Lhe

32
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process. Snapshots of the streamlines, isotherms,
isoconcentration lines and the shapes of the interfaces
are shown in Fig.4 for a crystal size of 2 mm. The
initial solution zone height is 15 min and the initial
temperature gradient in the solution is 10 K/cm. Note
that the scale is enlarged in the X-direction. When
the inclination angle is 0.001°, almost symmetric
vortices are generated and, as a result, the lemperature
and concentration fields are hardly deformed
(Fig.4(a)), whereas as the angle increases, the flow
patterns become asymmetric and the concentration
field are deformed (Fig.4(b) and (c)). Note that the
temperature field is not seriously deformed due to
the low Prandt]l number. The time variations of the
maximum velocity induced in the solution are shown
in Fig.5. As the angle increases, the maximum
velocity increases and fluctuates in the early stage.
The steady-state maximum velocity is of the order

Maximum velocity [pum/s]

1 I I
0.5 1 1.5 2

S

Nondimensional time

Fig.5 Time variations of maximuim velocity in the solution.
The crystal size is 2 mm. The initial solution zone height
is 15 mm and the initial temperature gradient in the solution
is 10 K/em. | g is applied. —: @=0.001°%,—: ¢=0.5°
—p=1%—: p=5°

49.99 49.99 49.99
49.992 49.992 — 49.992 -
49.994+ 49.994 = 49.994 ~
= 49.996- 49.996 - 49.996 —
=3 T=3_4 1=.
49998 2 49.9984 499984
P b1
L 1
50 5 50 = 50 5
50.002 : 50.002 7 50.002 :
0 05 -l 0 05 1 0o 05 |
z z z
(a) (b) (c)

Fig.6 Time variations of the seed crystal-solution interface.
The crystal size is 2 mm. The initial solution zone height
is 15 mm and the initial temperature gradient in the solution
is 10 K/em. | gis applied. Ra’ = 1.16x 10°%; Ra“=7.62 x
107, Se =10, §/= .13 x 107 (a) =0.001% (b) @=1°;
(c) o= 29

33

0.1

0.01

e 0.001
2 0.0001
0.00001

0.000001 — T T I T
0 0.1 0.2 0.3 04 0.5
Nondimensional time

Fig.7 Time variations of the maximum value of the degree
of supercooling. The crystal size is 2 mm. The initial
solution zone height is 15 mm and the initial temperature
gradient in the solution is 10 K/em. | g is applied.
—:p=0.001° —: = 1% —: @=2% 1o=5°
—: @ =90°

of pm/s in the case of a crystal size of 2 mm. The
time variations of the solution—crystal interface are
shown in Fig.6. As the angle increases, the shape of
the interface becomes asymimetric even when the
crystal size is 2 mm. Nexl. we check the effect of the
inclination angle on the degree of supercooling
induced in the solution. The degree of supercooling,
S, 1s defined as follows:

CL == CL,sa.'
. (17)

L.sat

S

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 § is negative is superccoled. The time
variations of the maximum values of the degree of
supercooling, |S|mx, on the inclination angle are
shown in Fig.7. where the size of crystal is 2 mm
and the initial temperature gradient in the solution is
10 K/cm. The time variation of |S|m when crystal
is grown in the horizontal direction is also shown in
the figure. As is clearly seen, the degree of
supercooling is reduced remarkably in the case of a
crystal size of 2 mun il crystals are grown in
antigravitational directions.

Snapshots of the streamlines. isotherins,
isoconcentration lines and the shapes of the interfaces
are shown in Fig.§ for a crystal size of 5 mim. The
initial solution zone height is 15 mm and the initial
temperature gradient in the solution is 10 K/cin. Even
when the inclination angle is 0.001°, the convection
pattern is already asymmetric (Fig.8(a)). The time
variations of the maximum velocity induced in the
solution are shown in Fig.9. As the angle increases,
the maximum velocity increases. The steady-state
maximum velocity is of the order of just less than

This document is provided by JAXA.
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Fig.8 Streamlines, isotherms, isoconcentration lines and shapes of the crystal-solution interfaces. The crystal size is 5
mm. The initial solution zone height is 15 mm and the initial temperature gradient in the solution is 10 K/em. | g is
applied. Re' = 1.16x 102 Ra® =7.62 % 107, S¢ = 10, §f= 1.13 x 102 (a) ¢ =0.001% (b) @= 1% (c) p = 5°.
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Fig.9 Time variations of inaximum velocity in the solution.

The crystal size is 5 mm. The initial solution zone height

is 15 mm and the initial temperature gradient in the solution

is 10 K/em. 1 g is applied. —: 9 =0.001°%—:¢=0.1°;

—p=1% p=2%—: p=5°
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19.98 — 19.98— 19.98
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Fig.10 Time variations of the seed crystal-solution
interface. The crystal size is 5 mm. The initial solution
zone height is 15 mm and the initial temperature gradient
in the solution is 10 K/cm. 1 g is applied. Ra’ = 1.16x 10
% Ra“=7.62x 107, Sc =10, 5= 1.13 x 102 (a) @=
0.001°% (b)y @=1° (c) @=5°.
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Fig.11 Spatial distributions of degree of supercooling. The
crystal size is 5 mm. The initial solution zone height is 15
min and the initial temperature gradient in the solution is
10 K/em. 1 g is applied. Re" = 1.16% 107; Ra“ = 7.62 x
107, Se =10, 5= 1.13x 10 (a) @=0.001° (b) ¢ = 1°
(c) @=5°

mm/s in the case of a crystal size of' 5 mm. The time
variations of the solution—crystal interface are shown
in Fig.10. As the angle becomes greater than 1°, the
shape of the interface becomes asymmetric when the
crystal size is 5 mm. The spatial distributions of the
degree of supercooling are shown in Fig.11, where
the size of crystal is 5 mm and the initial temperature
gradient in the solution is 10 K/cm. As the angle
increases, the gradient ol the degree of supercooling

34

This document is provided by JAXA.



0 0 0 o 0 0 0 0 o
1306 1306
2 2| 2 2 2 24 2= 2+ 1306 2
== =
4~ 44 13, 4~ 4 4 1302 4 41 4~ 4+
| 1302 | 1302 | 1302
61 1298 6
o o 6 5 64 6 1298 61 = 6 6 1208 Ly
= Lt
feed feed feed
3 8 8- 8 =] 8- 8- §4—] 8-
a— e x han it — s
o
11220 @' 2 0838 1290 0.838
] 1280 084 = 280 —1 120 ]
= e == = S
10 10 274 10 10 10 274 10 10 101 1274 19
seed seed seed
12 12 12 gl 12 12 12 gl 12 12 | 12
[ | 0 1 [ 0 0o 1 0 [ 0 1 0 1 0 |
Z z 4 z Z z z z z
S I Isoth: Isocc fines S i Isotherms  [soconcentration lincs h Ison ion lines
(a) (b} ()

Fig.12 Streamlines, isotherms, isoconcentration lines and shapes of the crystal—solution interfaces. The crystal size is
10 mm. The initial solution zone height is 15 mm and the initial temperature gradient in the solution is 10 K/em. [ gis
applied. Ra' = 1.16% 107 Ra“ =7.62 % 107, Sc =10, 5= 1.13 x 107, (a) = 0.001% (b) ¢ = 1" (c) p=5°.
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Fig.13 Time variations of maximum velocity in the
solation. The crystal size is 10 mm. The initial solution
zone height is 15 mm and the initial temperature gradient
in the solution is 10 K/em. | g is applied. — @ =0.001%
—p=0.1%— =1 1¢=2%— p=35°

becomes higher at the top part (right-hand side) of
the solution near the solution—seed crystal interface.

Finally, we show snapshots of the streamlines,
isotherms. isoconcentration lines and the shapes of
the interfaces in Fig.12 for a crystal size of 10 mm.
The initial solution zone height is 15 mm and the
initial temperature gradient in the solution is 10 K/
cm. Even when the inclination angle is 0.001°,
intensilied convection is induced in the top part of
the solution and, as a result, the concentration
becomes uniform there and the steep concentration
gradient is established at the solution-seed crystal
interface (Fig.12(a)). As the inclination angle

0.006
0.002 j 0.002
1 \ V4
N 0.5 feed seed
0 AN 1 T
g 9 10 11
(a)
0.006
0.002 1 0.002
1 X 7
~ 05 feed U { seed
0 1 ]
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{b) *
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1
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L] I 1
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Fig.14 Spatial distributions of degree of supercooling. The
crystal size is 10 mm. The initial solution zone height is {3
mim and the initial temperature gradient in the solution is
10 K/em. 1 g is applied. Ra® = 1.16% 107 Ra" = 7.62 %
107, 8¢ =10, 5= 1.13 X 10~ (a) p=0.001° (b) @=1%
(c) p=5°.

increases, convection is more intensified and the
concentration field is greatly deformed (Figs.12 (b)
and (¢)). The time variations of the maximum
velocity induced in the solution are shown in Fig.13.
The velocity field fluctuaies in the carly stage and
the order of the steady-state maximuim velocity is 1
mm/s. The spatial distributions of the degree of
supercooling are shown in Fig.14. When the crystal
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size is 10 mm, the grixdicm of the degree of
supercooling becomes higher at the solution-seed
crystal interface even if the inclination angle is only
0.001 °

We have shown that convection and the degree
of supercooling induced in the solution arc
remarkably reduced and crystals of uniform
compositions can be grown even when they are
grown horizontally if the residual gravity is 10° ¢
and the initial temperatre gradient and the initial
zone width are set at appropriate values [17]. In such
a case, the maximum velocity induced in the solution
is approximately 0. ;Lm/\‘ According to our present
s than | um/
rkably if the
are grown in the

calculation, the maximum velocity is les

s and the supercooling is reduced rema
crystal size is 2 mm and crystals
antigravitational direction as long
angle is less than | °. Howover, as the crystal size
increases, convection becomes more intensified and,
as a result, single crystals of uniform compositions
cannot be grown any more under terrestrial

as the inclination

gravitational cenditions.

5, Conclusions

We investigated the effect of the angle between the
erystal growth direction and the gravitational
direction on the crystal growth process and obtained
the following resulis:

{a) When the crysta
i
1

size is 2 nun, convection is

fa

reduced and } congentration field is not
seriously deformed as long as the inclination
angle is less than | °. The degree
supercooling is remarkably reduced compared
to the case when crystals are grown in the
horizontal direction.

When the crystal size is greater than 5 mm,

onvection is intensified and the concentration

{b)

141

=

of

field is seriously deformed. The degree of

supercooling is increased as the inclination

&
i

[¢]
o
pats
jay
bt o
o

growing singie crystals under ierr
1 conditions are very mmcu

2 mm,

gravitationa tifthe

crystal size is greater than 3
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