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ABSTRACT

When a crystal is grown by FZ process, the melt zone is located at between the solid of upper and
lower side and is kept by the solid-liquid interface tension. On the surface of the melt zone, a surface
tension gradient is occured by the difference of temperature and solute concentration, it is the driving
force of marangoni flow. The crystal even in the steady state growth can become imperfect for the dis-
location distribution and the solute concentration in the peripheral region of the crystal are higher than
those in the inner part and the probability of the formation of the defects such as voids, bubble penetra-
tion, secondary phase creation and crack is high near the solid-liquid interface. This is because the solid
-liquid interface becomes irregular because of the local variation of temperature in that region due to

marangoni convection.
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Since marangoni flow was reported by C.
Marangoni in 1865, detail researches have been
done by Chang and Wilcox and some reports
about melt behavior in the melt growth process
have been reported with using the computer
simulation[1-8]. The fact that surface tension
gradient on the free melt surface give rise to
form a marangoni flow is a starting point and
surface tension forces can vary locally and can
have tangential component in free liquid-gas in-
terface due to temperature or concentrational
gradient along this interfaces. The surface ten-
sion gradient forces the free interface to move
and are a source of convection[9-11]. Then, in
the Floating Zone process, since there is the
free melt-gas interface and the temperature
gradient of the order of 10 to 100 kem™' along
the interface which are maintained during the
growth[12], we have to take account of the be-
havior of the melt in the liquid zone in which
complex pattern of various convections such a
thermal, centrifugal and marangoni convection
exist.

The reason is that the marangoni flow affects
the as-grown crystals’ quality.

Marangoni flow, especially, is located at the
peripheral region because the marangoni shear
stress act as a driving force of that flow in the
free melt surface. Fig. 1 shows the presentation
of that situation. Marangoni shear stress is the
function of surface tension and temperature
gradient at the melt surface. Marangoni flow
caused by this force has the motion of vortex
shape near the growth interface and this is
shown in Fig. 2 of the schemetic diagram of

some flows in the melt zone. In Fig. 2, if the ro-
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Fig. 1. The arrows represents the marangoni
shear stress to which is caused in the

free melt surface.
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Fig. 2. Convections in the melt zone.
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tation rate becomes high enough to keep the
stability of the molten zone, marangoni vortex
will be push out to the periphery[13].

The marangoni number is described as below.
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They are dimensionless parameters to mea-
sure the dergee of marangoni convection,
where Dy and D¢ are thermal and solute
diffusivities, 88/ T is the temperature coeffi-
cient, L. is a half zone length, » is dynamic
viscosity, Ts is the gradient of temperature
in the free surface of the melt. Ma(T) and
Ma(C) notations are thermal and concentra-
tional marangoni number respecively. In the
above eqation, it is understood that the tem-
perature gradient at the melt surface and
concentrational gradient in the melt are the
factors to cause the marangoni flow.

In these flow affect the growing interface,
heat and mass transfer across the boundary
layer of the interface can be influenced due to
the oscillation of the convections. Therefore if
there is no fluid motion, heat and solute flow
are occured by conduction and diffusion{14].

The equations are represented as follow.
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where Dr and D. are thermal and solute
diffusivities in the relevant phases respectively
and t is the time in second. These factors are
all the function of temperature so in the prac-

tical growing situation, provided the local tem-
perature gradient along the radial direction of

the crystal, then heat and solute flow can be

varied due to the thermal and concentrational
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diffusivity variation. Through the YIG crystal
growth, the solute concentration is increased
with the radial direction and the peripheral re-
gion of the crystal has more high contents of
the Al solute[15]. Fig. 3 represents the above
mention and you can see the solute content
fluctuated region. This is considered because
the marangoni flow and forced convection is
merging into a turbulent flow in that region. It
is considered that these phenomena influence
the gradient of the temperature and the con-

centration at the growth interface locally.
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Fig. 3. Relationship between the shape of the in-
terface due to the various convections in
the melt zone and horizontal change of
Al content In YIG.

In the steady state of the crystal growth, the
heat transferred in a state of equilibrium from
the melt across the interface is radiated from
the crystal. In order to have the lowest energy
state in the crystal-liquid interface, solute have
a tendency to be caught in the site having lower
energy state. This situation is shown at the re-
gion of periphery in the crystal as in Fig. 3.

In the present work, with the YbFeCoO, sin-
gle crystal, the etching experiment was carried
out and the etch pits distibution of the central
and peripheral region of the crystal was investi-

gated. The crystal was grown by FZ process
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with the growth rate of 1 mm/hr and rotation
rate of 30rpm with counter-rotation constantly.

As in Fig. 4, you can see the differences of
the etch pits distribution in those parts. The rea-
son of that is considered because the thermal
fluctuation due to temperature variation caused
by the marangoni flow is locally occured in the
peripheral region. So, the solid-liquid interface
will be remelted repeatedly by it. A fact that
the striations are observed with the irreqular
wave shape, also reflects the marangoni effect
and can be shown in the case of YIG crystal ex-

perimented by Kimura et. al| 16 ].

Fig. 4. The difference of the etch pits distribu-

tion between the peripheral region

(marked as a) and inner region(marked
as b) and in the YbFeCoO; single crys-
tal.
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Also,

growth temperature and K.q, effective segrega-

the growth rate is the function of

tion coefficient. That 1s, the change of the
growth rate influence the change of the degree
of K.u. When the growth rate is increased, K
1s more than 1, then we can get the result as
Fig. 3. K.s can be defined as follows when the

solute is @ minor component,
K= Cs/Cx

where Cs is the concentration of solute in a
crystal and C, is that in a melt. If the crystal
have local difference of the growth tempera-
ture, then growth rate is varied with the tem-
perature gradient in the radial direction. K.y of
a crystal growing at a steady state is given as a
solution of the one-dimensional diffusion equa-

tion by
K=kl k+(1—k)exp(—Vs/Dy) |

where k is the interface segregation coeffi-
cient, V is the growth rate perpendicular to the
interface, & is the thickness of the diffusion
boundary layer, and D, is the diffusion coeffi-
cient of the solute in the melt]17]. As the
above, in the peripheral region, the growth rate
1s more rapid and irregular than that in the cen-
tral region and the atoms have a tendency to
move to the fixed site having lower free energy.
But, if the melt motion give an action of obsta-
cles against the solute attitude, no solute has a
steady state movement to their sites. Therefore,
the irregular form of the growth interface shape
can be appeared in the periphery region because
of the remelting of the solute at the interface
due to the various convections as in Fig. 5 and
can provide the opportunity to create the secon-
dary phase formation as in Fig. 6[18]. This

problem is severe in obtaining the defect-free
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Fig. 5.Irregular interface shape viewed in the
YIG crystal.

Fig. 6. Typical occurence of secondary phases in
YIG crystal
(a) Cross section perpendicular to the
growth direction,
(b) Cross section parallel to the growth

direction.

crystals of homogeneous composition, because
the solute concentration is varied with the radi-
al direction as mentioned before.

Consequently, it is realised that the crystal
quality is depend on the interface morphology,
the behavior of the atoms depended on the heat
and mass transfer and the growth parameters
such as growth rate, temperature gradient, ro-
tation speed and etc. However these factors are
so closed not only to the state of the melt zone
stability but resulting temperature fluctuation
in the FZ process that the variation of the sur-
face tension force due to that influence the
marangoni convection near the interface forma-
tion in the peripheral region. On the conclusion,
due to the existance of the marangoni flow, it
can influence the physical state of the growth

interface and the quality of as-grown boules.
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