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(57) An object of the present invention 1s to provide a method of suppressing convection of a fluid 1n a cylindrical
vessel by means of realizing an environment under micro gravity which can be maintained for such a long time that
orowth of a large-sized crystal be economically effected. The feature of the present mnvention consists in a method of
suppressing occurrence of natural convection of a fluid 1 a cylindrical vessel, when a density gradient due to
difference 1n temperature, concentration or partial pressure 1s added to the gas or liquid filled 1n the cylindrical vessel

along the central axis of the vessel, characterized by maintaining horizontal the vessel and rotating 1t around the central
axis.
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ABSTRACT OF THE DISCLOSURE

An object of the present invention is to provide a method of suppressing
convection of a fluid in a cylindrical vessel by means of realizing an environ-
“ment under micro gravity which can be maintained for such a long time that '
growth of a large—siZed crystal be'econdmically effected.

The featuré of the present invention consists in a method of suppressing
occurrence of natural convection of a fluid in a cylindrical vessel, when
‘a density gradient due to difference in temperature, concentration or'partial
pressuse is added to the gas or liquid filled in the cylindrical vessel along
the central axis of the vessel, characterized by maintaining horizontal the

vessel and rotating it around the central axis.
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A Method Of Suppressing Convection In A Fluid
In A Cylindrical Vessel

This invention relates to a method of suppressing natural convection in a
fluid in a cylindrical vessel, and a method of growing a compound semiconductor
crystal of Group II-VI elements of the Periodic Table, such as ZnSe, utilizing the
method of suppressing natural convection.

When there is a density gradient in a fluid in a cylindrical vessel, it is
desirable to arrange the fluid in microgravity so as to suppress natural convection
occurring in the fluid. The environment under microgravity can be realized by

subjecting the fluid itself to free fall or by arranging it outside the gravity zone in

 a satellite orbit.

A method comprising growing a compound semiconductor crystal of
Group II-VI elements of the Periodic Table, such as ZnSe, ZnS, CdS, etc., by a
chemical vapor transport method using iodine as a transport agent has widely
been used. In general, it is said to be difficult to obtain a single crystal under
such a condition because natural convection is prevalent. For example, it has
been reported in "J. Crystal Growth 146 (1995) 53" that in the case of growing a
ZnSe crystal, the single crystal can only be obtained under conditions of low gas

pressure 1n an ampoule wherein natural convection is minimized. F urthermore, it

has been proposed in Japanese Patent Laid-Open Publication No. 4894/1993 to

growth zone in an ampoule.

The above described method of suppressing natural convection in
microgravity, however, requires an expensive installation whose application is
largely limited. For example, the microgravity in a falling tower lasts only a very

short time, e.g. about 10 seconds. Consequently, this installation is limited in
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application thereof and cannot be applied to a method needing several hours to
several days, such as a method for the growth of a crystal.

In a method for the growth of a compound semiconductor crystal of Group
[1-VI elements of the Periodic Table by a chemical vapor transport method using
10dine as a transport agent, for example, the internal pressure in the ampoule 1s
generally high, for example, several atm., and natural convection tends to occur.
Further, it 1s noted that when the natural convection is strong, a grown crystal
tends to be polycrystalline and growth of a single crystal is difficult. When an
inner diameter of the growth ampoule is increased, in addition, the convection is
strong and accordingly, even if the crystal growth of a compound semiconductor
crystal of Group II-VI elements of the Periodic Table is carried out, it is difficult
to obtain a large-sized single crystal.

In a method comprising providing an internal structure for preventing
occurrence of gaseous convection between a raw material charged zone and
crystal growth zone in an ampoule, as disclosed in Japanese Patent Laid-Open
Publication No. 4894/1993, it is required to enlarge the crystal growth zone to
grow a large-sized crystal and consequently, a new gaseous convection occurs in
the crystal growth zone so that sufficient convection suppressing effect cannot be
maintained.

It 1s an object of the present invention to provide a method of suppressing
convection of a fluid in a cylindrical vessel by means of realizing an environment
under microgravity which can be maintained for such a long time that growth of a
large-sized crystal be economically effected, whereby the above described
problems can be solved.

It 1s another object of the present invention to provide a method of
growing a compound semiconductor crystal of Group II-VI elements of the
Periodic Table by utilizing the method of suppressing convection of a fluid in a

vessel.
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These objects can be attained by a method of
suppressing convection of a fluid in a cylindrical vessel,
when a density gradient due to a difference in temperature,
concentration or partial pressure is added to a gas or a
liquid filling the cylindrical vessel along the central
axls thereof, the method comprising the steps: maintaining
the vessel horizontal and; rotating the vessel around the
central axis thereof, wherein when the vessel is filled
with a gas, the vessel is rotated with a rotational
frequency f capable of satisfying the following

relationship:

(1/7) (g/2L)Y? > £ > (gLAp/ p)/ (1000 v)
where L 1s a diameter of the vessel, g is the gravitational

acceleration, p 1s a density of the gas, Ap is a difference

between a minimum density and maximum density of the gas
due to a temperature distribution, concentration

distribution or partial pressure distribution along the

central axis of the vessel, and v is a kinematic viscosity

coefficient.

The accompanying drawings i1llustrate the principle and
merits of the present invention in detail, wherein:

Fig. 1 1s a cross-sectional view of a cylindrical
vessel used 1in the present invention;

Fig. 2 1s a cross-sectional view of a cylindrical
vessel used 1n Example of the present invention; and

Fig. 3 1s a schematic view of an apparatus for the
growth of a crystal, provided with a horizontal rotation
driving means of a cvylindrical vessel and horizontal
furnace, for the practice of the method of the present

invention.
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The i1nventors have made various efforts to develop a
method of suppressing convection of a fluid in a vessel by
means of realizing an environment under microgravity which
can be maintained for such a long time that growth of a
large-sized crystal be economically effected, and a method
of growing a compound semiconductor crystal of Group II-VI
elements of the Periodic Table by utilizing the method of
suppressing convection of a fluid in a vessel.
Consequently, 1t 1s found that maintaining horizontal the
cylindrical vessel and rotating it around the central axis
thereof 1s effective for this purpose. The present
invention 1s basec on this finding.

That 1s, the present invention comprises constructions
summarized below:

(1) A method of suppressing occurrence of natural
convection of a fluid 1n a cylindrical vessel, when a
density gradient due to difference in temperature,
concentration or partial pressure 1s added to the gas or

liquid
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filled in the cylindrical vessel along the central axis of the vessel, charac-

terized by maintaining horizontal the vessel and rotating it around the central
axis. '

(2) The method of suppressing convection, as described in the above (1),
wherein in the case of arranging'a solid in the vessel, the solid is fixed to
the vessel and rotated with the vessel.

(3) The method of suppressing convection, as described in the above (1),
wherein in the Case of arranging a solid in the vessel, the solid is maintained
in one zone of the vessel, separated by a network partition plate, another
zone being a convection suppressing zone.

(4) The method of suppressing convection, as described in any one of the
above (1) to (3), wherein in the case of filling the vessel with a gas, the
vessel is rotated with a rotational frequency f capable of satisfying the
following relationship:

(1/7)(g/2L)*7% > £ > (gLA p/p)/(1000p )
where L is a diameter of the vessel, g is the gravitational acceleration, p
is a density of the gas, A p is a difference between a minimum density and
maximum density of the gas due to a temperature distribution, concentration
distribution or partial pressure distribution along the central axis of the
vessel and y is a kinematic viscosity coefficient. . '

(5)'A method for the growth of a compound semiconductor crystal of Group
II-VI elements of Periodic Table in a cylindrical vessel by a chemical vapor
transport method using iodine as a transport agent, charaéterized by carry-
ing out the growth of the crystal while maintaining the vessel horizontal,
holding a solid raw material at one end of the vessel to secure a crystal
growth zone and rotating the vessel around the central axis.

(6) The method for the growth of a compound semiconductor crystal of Group
II-VI elements of Periodic Table, as described in the above (5), wherein the
solid raw material is fixed to one end of the vessel and rotated with the

vessel.
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(7) The method for the growth of a compound semiconductor crystal of Group
II-VI elements of Periodic Table, as described in the abbve (5), wherein the
solid raw material is maintained in a raw material charging zone at one end of
the vessel, using a netwofk partition plate, the crystal growth zone 1s secured
toward another end, the vessel is rotated around the central axis and the .
growth of the crystal is carried dut while suppressing occurrence of convec-

tion in the crystal growth zone.

(8) The method for the growth of a compound semiconductor crystal of Group
II-VI elements of Periodic Table, as described in the above (7), wherein the
thickness of the partition plate is larger than a diameter of a hole made in
the partition plate. '

(9) The method for the growth of a compound semiconductor crystal of Group
II-VI elements of Periodic Table, as described in any one of the above (5) to
(8), wherein the vessel is rotated with a rotational frequency f capable of
satisfying the following relationship:

(1/7)(g/2L)*7% > £ > (gLA o/ p)/(1000p )
where L is a diameter of the vessel, g is the gravitational acceleration, p
is a density of the gas, A p is a difference between a minimum density and
maximum density of the gas due to a temperature distribution, concentration
distribution or partial pressure distribution along the central axis of the
vessel and y is a kinematic viscosity coefficient.

Generally, a flow rate of natural convection of a fluid in a vessel
is determined by balance of a force on the fluid, caused by the gravity cor-
respondingly with a density gradient of the fluid, and a reaction force on
the fluid flow, caused by the vessel wall through the viscosity of the fluld,
in an equilibrium state. Until reaching the equilibrium state (when the flow
rate is small and the reaction force by viscosity is small), the fluid has
an acceleration determined by the gravity and inertia force of the fluid
and the flow rate is accelerated. Therefore, in case the direction of the

oravity is changed in a period faster than a time required for which the flow

.....5......
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rate reaches the equilibrium state, the flow rate accelerated in its period is a
maximum flow rate of the fluid. Accordingly, if the period when the direction
of the gravity is changed is shortened, the flow rate of natural convection of
the fluid can be decreased.

In a method of changing the direction of the gravity added to a fluid,
the direction of the gravity added to the fluid can effectively be changed by
rotating the fluid itself around an axis different from the direction of the
gravity. In order to rotate the fluid, rotating of a vessel charged with
the fluid is sufficient for this purpose. However, in order to synchronize
rotating of the vessel and that of the fluid, it is required to rotate the
vessel at a uniform velocity.

Herein, it is to be noted that since rotating of a fluid results in
a centrifugal force, it is necessary to minimize an effect of this centrifugal
force and maximize an effect of suppressing natural convection by rotat-
ing. Thus, the present invention has succeeded in suppressing convection
by maintaining horizontal a cylindrical vessel and rotating it around.the
center of the vessel.

The suppressing action of natural convection will be illustrated in
detail. It is considered that when a vessel is rotated in a sufficiently
shorter period than such a period that a circulating flow of convection runs
around in the rest cylindrical vessel, the convection in the vessel 1S sup-
pressed. A flow velocity V of the convection can be represented by the follow-
ing formula from a relationship of a driving force of convection due to a den-
sity gradient of a fluid and a reaction force caused by the vessel wall through
the viscosity:

V=C(gLiAp/ p)/v
C,: constant
g . gravitational accelcration
L : diameter of cylindrical yessel

p : density of gas

_6_
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A p :density difference due to temperature gradient, concentra-

tion gradient or partial pressure gradient along the cen-
tral axis of vessel
y ¢ Kinematic viscosity
Since a length L. of the circulating flow is substantially proportional to
the diameter L of the cylindrical vessel, a rotational frequency f. of the
circulating flow can be represented by the following formula:
f. = Cé(gLA o/ p) v
C.: constant
Accordingly, a rotational frequency f.x of the vessel required for sup-
pressing convection in the vessel can be represented by the following formula
and when revolving is carried out with a rotational frequency of larger than
f.z, the natural convection in the vessel can be suppressed:
fer 2> fc = Co(gLA p/p )/ v
= (gL Ap/p)/Cy (1)
C: constant
The'above described formula (1) is converted into dimensionless to give
the following formula: '
ferl2/y = Gr/C | (2)
wherein Gr represents a dimensionless number called Grashof number, defined
by the foilowing formula:
Gr = (gL°Ap/ p)/v?
It is found as a result of accumulating experiments of crystal growth
by a vapor transport method that the constant C in the above described formulas
(1) and (2) is represented by a relationship of C = 1000.
Generally, the convection of a fluid in a rest cylindrical vessel will
‘be of similarity if four dimensionless numbers of Grashof number (Gr),
Prandtl number (Pr), Schmidt number (Sc) and Aspect Ratio (Ar) are same. If
the rotational frequency f is same as (fL¢?/y ), when the vessel is rotated,

in addition to the above described four dimensionless number, the fluid in

_7_
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the vessel becomes similar.
In this formula,
Pr = v /k
S¢c = y/D
Ar = Length of Vessel/Diameter of Vessel

Formulas (1) and (2) are the formulas of two dimensionless numbers, Gr
and (fL*/ y ) and it is presumed that if Pr, Sc and Ar are changed, the
constant C in Fofmulas (1) and (2) is somewhat changed. However, when the
fluid is limited to gases, Formulas (1) and (2) are considered to be adapted to
all the gases, because the constant is hardly changed with the small change of
Pr, Sc and Ar.

Since rotation of a vessel results in a centrifugal force, the effect of
suppressing convection by the rotation of a vessel is deteriorated if the rotat-
ing velocity is too increased. A maximum value of an acceleration caused by
the centrifugal force is (L/2 @?), wherein @ is an angular velocity of the
rotation), so if this is smaller than the gravitational acceleration g on the
earth, the effecf of suppressing convection by rotation of the vessel can be
expected. Therefore, it is important that the rotational frequency of a cylin-
drical vessel satisfies the following formula: '

f = w/27 < (/7 )(g/2L)' 7%

In a method comprising growing a compound semiconductor crystal of
Group II-VI elements of Periodic Table by a chemical vapor transport method
using iodine as a transport agent, a gas (fluid) in an ampoule (cylindrical
vessel) is a mixed gas composed of iodine, an iodide of Group II element of
Periodic Table and a gas of Group VI element of Periodic Table, to which the
above described convection suppressing method can be applied. In this mefhod,
however, there are a raw material polycrystal, seed crystal and grown crystal as
solids in the ampolule in addition to the gas. Thus, it is necessary to fix
these solids so as to rotate the gas in the ampoule simultaneously with the

rotating velocity of the ampoule.

_8'_
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In this case, fixing of the seed crystal and grown crystal thereon can
be carried out by fixing the seed crystal, but a special means for fixing
the raw material polycrystal is required since the raw material polycrystal
becomes gradually smaller during crystal growth.

In an apparatus shown in Fig. 1, a part-for holding'the raw material poly-
crystal 5 is divided by a partition plate 3 such as network structure, etc. and
this partition plate 3 is fixed to the ampoule 7, whereby a crystal growth zone
can fully be used as a free space and and the gas present therein'can be ro-
tated at the same velocity as the ampoule 7. On the other hand, iIn a raw ma-
terial charged zone for holding the raw material polycrystal 5, the raw mate-
rial polycrystal 5 is unevenly distributed and in some cases, the gas cannot
always be rotated at the same velocity as the ampoule.

That is, the gas diffusing from the raw material charged zone to the
crystal growth zone through the partition plate is not always rotated at
the same velocity as the ampoule. The above described problem can be solved
when the thickness of the partition plate is rendered at least larger than
a diameter of holes made in the partition plate, the gas is given angular
momentum while passing through the partition plate and thus is rotated at the
same velocity as the ampoule, followed by diffusing through the partition plete.

In an apparatus shown in Fig. 2, a partition plate 3 is fixed to an ampoule
7 by a specer 1 and spacer 2 to form a raw material charged zone in the spacer
1 and a seed crystal 4 is fixed by the spacer 2 and a sealing cover 6 to form a
crystal growth zone in the spacer 2.

In a system shown in Fig. 3, the above described ampoule 7 is fixed to a
horizontal shaft 10 in-connection with a rotation driving means 9 through a
bearing 11 and fixing chuck 12, maintained horizontal and inserted in a hori-
zontal furnace 14 provided with a heater 13, whereby a predetermined temper-
ature distribution is given to the rotating ampoule and a crystal is thus grown.
8 designates a rotation driving mechanism comprising a rotation driving means 9,

horizontal shaft 10, bearing 11 and fixing chuck 12.

_...9_..
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The present invention will now be illustrated in detail by the following
example without limiting the same.

Example

ZnSe single crystal was grown using an ampoule shown in Fig. 2, comprising
a one side-sealed quartz tube with an inner diameter of 36 mm and a length of
400 mm as an outer tube, quartz tube with an inner diameter of 30 mm, outer
diameter of 34 mm and a length of 20 mm as a spacer 1, quartz plate with a
diameter of 35 mm and thickness of 5 mm, having thirty holes made therein'
each having a diameter of 3 mm as a partition plate and quartz tube with an
inner diameter of 30 mm, outer diameter of 34 mm and a length of 40 mm as a
épacer 2. A ZnSe polycrystal (thickness 20 mm, diameter 29 mm, synthesized
by a CVD method) was arranged in the raw material zone formed by the spacer 1
and partition plate, and a seed crystal (ZnSe single crystal, thickness llmm,
diameter 35 mm) wés arranged between the spacer 2 and sealing cap. Iodine
(1 mg per 1 cm~® of inner volume of ampoule) was further filled in this sys-
tem and after evacuating the inside of the outer tube, a part of the sealing
cap was welded to prepare an ampoule. The partition plate and spacer 2
were welded to the ampoule. The seed crystal was pressed by the spacer 2
and sealing cap and fixed to the ampoule.

Seven ampoules were prepared in this way and subjected to growth of
the crystél while changing the rotational frequency of the ampoule (Run Nos.
1-7), during which each of the ampoules was horizontally arranged in the three
zone horizontal furnace used as a crystal growth furnace and the each zone
temperature of the growth furnace was controlled to adjust the temperature
of the raw material side to 900 °C and that of the seed crystal side to 850
C.

Under these conditions, the rotational frequency of the ampoule was deter-
mined in each of the crystal growth experiments in such a manner that Gr =
2.2 Xx 10, ¢ = 980 cm/s®, L=3cm, Ao = 8.41 x 10°5 g/em®, p = 1.93 x 10-3

g/em®, vy = 2.3 x 10-! cm®*/s and (fL?/y ) be in the range of 0 to 78. Since

flO""
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the maximum value of f corresponding to the above described rotational frequency
is 2Hz and smaller than (1/7 )(g/L)!'72 = (1/7)(980/3)!172 = 4.1, it is clear
that £ < (1/ = )(g/2L)*72. In Table 1 are shown the growth conditions and

growth results (growth rate and crystallinity).

Run No. 1 2 i__ 4 9 _6___ T

£ (Hz) 0 0.1 0.3 0.5 1 1.5 2

£L2/ y 0 3.9 12 20 39 54 78
Gr/(fL2/y) - 5600 1800 1100 560 400 280
Growth Rate (g/day) 3.8 3.9 3.3 2.3 1.8 1.6 1.5

Crystal Surface Morpholgy rough rough rough smooth smooth smooth smooth

Voids in Crystal more more more less no no no

In a zone of Gr/(fL?/y ) < 1000, the growth rate is decreased as com-
pared with the growth in Run No. 1 in which the ampoule is not rotated, which
teaches that gas convection is suppressed by rotation of the ampoule. In addi-
tion, the crystal grown in this zone has a surface not roughened, namely, smooth
surface, and does not contain voids inside. It is apparent from these results
that rotation of the ampoule capable of satisfying the relationship of
Gr/(fL*/py ) < 1000 is effective for suppressing convection and for crystal
growth.

Advahtages of the Invention

According to the present invention, suppressing of occurrence of a nat-
ural convection in a fluid in a cylindrical vessel can be carried out in
economical manner and maintained for a long time by employing the above de-
scribed constructions.

In a method for the growth of a'compound semiconductor crystal of Group

II1-VI elements of Periodic Table by a chemical vapor transport method using

lodine as a transport agent, occurrence of a gaseous natural convection can

effectively be suppressed and a large-sized crystal can thus be grown.
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The embodiments of the invention in which an exclusive

property or privilege 1s claimed are defined as follows:

1. A method of suppressing convection of a fluid in
a cylindrical vessel, when a density gradient due to a
difference in temperature, concentration or partial
pressure 1s added to a gas or a liquid filling the
cylindrical vessel along the central axis thereof, the
method comprising the steps:
malntaining the vessel horizontal; and
rotating the vessel around the central axis thereof,
wherein when the vessel 1s filled with a gas, the vessel is
rotated with a rotational frequency f capable of satisfying

the following relationship:

(1/m) (g/2L)*? > £ > (gLAp/ p)/ (1000 v)

where L 1s a diameter of the vessel, g 1is the gravitational

acceleration, p 18 a density of the gas, Ap is a difference

between a minimum density and maximum density of the gas
due to a temperature distribution, concentration

distribution or partial pressure distribution along the

central axis of the vessel, and v is a kinematic viscosity

coefficient.

2. The method of suppressing convection, as claimed
in claim 1, wherein when a solid is arranged in the vessel,
the solid 1s fixed to the vessel and rotated with the

vegsel.

3. The method of suppressing convection, as claimed

in claim 1, wherein:
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when a solid 1s arranged 1n the vessel, the solid is
maintained in one zone of the vessel, separated by a
network partition plate; and

another zone of the vessel is a convection suppressing

Z0Ile.

4 . A method for the growth of a compound
semiconductor crystal, of Group II-VI elements of the
Periodic Table, 1ir a cylindrical vessel by a chemical vapor

transport method using iodine as a transport agent, the

method comprising the steps:

malintaining the vessel horizontal;

holding a solid raw material at one end of the vessel to
secure a crystal growth zone; and

rotating the vessel around the central axis, wherein when

the vessel 1s filled with a gas, the vessel 1s rotated with

a rotational frequency f capable of satisfying the

following relationship:

(1/7) (g/ZL)l/2 > £ > (gLAp/ p)/ (1000 v)

where L 1s a diameter of the vessel, g is the gravitational

acceleration, p 1s a density of the gas, Ap is a difference

between a minimum density and maximum density of the gas
due to a temperature distribution, concentration

distribution or partilal pressure distribution along the

central axis of the vessel, and v 18 a kilnematic viscosity

coefficient.

5. The method for the growth of a compound

semiconductor crystal of Group II-VI elements of the

Periodic Table, as claimed in claim 4, wherein the solid

(RO TN F20nty ety O U O VNS 2 00T S Psitren mmrumswes svvs s
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raw material i1is fixed to one end of the vessel and rotated

with the vessel.

6. The method for the growth of a compound
semlconductor crystal of Group II-VI elements of the
Periodic Table, as claimed in claim 4, wherein:
the solid raw material i1s maintained in a raw material
charging zone, at one end of the vessel, using a network
partition plate;
the crystal growth zone 1s secured toward another end;
the vessel 1s rotated around the central axis; and
the growth of the crystal 1s carried out while suppressing

occurrence of convection in the crystal growth zone.

7 . The method for the growth of a compound
semiconductor crystal of Group II-VI elements of the
Periodic Table, as claimed i1n claim 6, wherein the
thickness of the partition plate is larger than a diameter

of a hole made in the partition plate.
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