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Abstract

During vertical Bridgman crystal growth, local solute accumulation along the freezing interface due to buoyancy

often causes radial non-uniformity and pit formation, which accelerate morphological instability. A novel approach by

using angular vibration has been proposed. Through the visualization of the freezing interface during directional

solidification of succinonitrile containing acetone, it was shown that angular vibration about the growth axis was

effective in reversing radial segregation and thus enhancing morphological stability. Simulation was conducted and

good agreement was found.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The control of segregation and morphological
instability is important in vertical Bridgman
e front matter r 2004 Elsevier B.V. All rights reserve
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crystal growth. Due to buoyancy convection, local
solute accumulation along the freezing interface
often causes radial non-uniformity and pit forma-
tion, which accelerate morphological instability
through constitutional supercooling [1–4]. To
avoid the severe radial segregation and pit forma-
tion, the control of convection patterns and solute
d.
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Fig. 1. Sketch of the experimental setup for vertical Bridgman

crystal growth with angular vibration.
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transport near the growth front is necessary. The
use of external forces is an effective way for
convection control. For example, magnetic fields
have been widely adopted for electrically conduct-
ing materials [5]. The use of a centrifuge [6,7], i.e.,
the so-called centrifugal or high-gravity proces-
sing, is also popular. In a recent study by Lan and
coworkers [8,9], rotation about the growth axis
was found more effective than the previous free-
swing configurations, where the resultant gravity is
parallel to the growth axis. In addition to
minimizing the flow intensity, the flow direction
near the solidification front could be reversed at
high speed rotation. As a result, morphological
stability could be greatly enhanced [9]. Never-
theless, a relatively high rotation speed (in the
order of 100 rpm) is often necessary for applica-
tions.
Another way to use rotation for flow control is

the accelerated crucible rotation technique
(ACRT) [10]. It generates Ekman flow near the
solidification front and Taylor Görtler cells near
the ampoule wall during crucible acceleration and
deceleration, which are also effective in solute
mixing [11,12]. However, periodic growth rate and
growth striations are the problems for crystal
quality [11,12]. Recently, the coupled vibrational
stirring (CVS) was also proposed [13] using
asymmetric rotational motion, which generates
flushing waves at the upper melt surface and thus
enhances solute mixing. Unfortunately, CVS gen-
erates vigorous convection that is not favored for
axial segregation control. To reduce axial segrega-
tion, global solute mixing needs to be mini-
mized [6,7]. Moreover, unstable growth rate
was also observed in the CVS-controlled oxide
growth [13].
In this report, we propose a novel technique by

using angular vibration about the ampoule axis to
control the flow and segregation in a vertical
Bridgman crystal growth. As will be shown, this
technique is simple and effective. In addition to the
inversion of radial segregation, the angular vibra-
tion has only a small effect on global solute
mixing, so that it is not harmful to axial
segregation if the growth distance is long enough.
Due to better solute uniformity, morphological
stability is further enhanced.
2. Experiments and numerical simulations

Succinonitrile (SCN) containing 0.007wt%
acetone was directionally solidified in a transpar-
ent vertical Bridgman system, as shown in Fig. 1.
Before experiments, SCN (Furuka Inc., about
99% purity) was purified first by vacuum distilla-
tion at 50mTorr for ten times. The sample purity
was checked by the melting point using a
thermistor showing the sample purity is higher
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than 99.999% [14]. The distilled sample, collected
in a 17mm diameter Pyrex ampoule (2.5mm in
thickness), was further purified by four-zone
refining for more than 60 passes. The purified
sample was then examined by directional solidifi-
cation. No morphological breakdown was ob-
served up to 15 mm/s of the solidification speed for
a thermal gradient of 8–10K/cm. To perform
crystal growth experiments, about 0.007wt% of
acetone was injected into the sample through a 5 ml
micro-syringe inserted into the bottom of the
sample. The total sample length was 20 cm.
The Bridgman furnace consisted of two heating

zones made of copper blocks each with a nichrome
wire inside as a heating element. In between, a
transparent insulation zone made of Plexiglas was
used. The hot- and cold-zone temperatures were
controlled independently by two PID controllers
and the temperatures were set at 80 1C (top) and
40 1C (bottom), respectively. The thermal gradient
at the interface was measured by an immersed
thermocouple traveling with the sample. By taking
an average of the gradients at the interface from
solidification and melting curves, we estimated the
thermal gradient to be about 8–10K/cm. To
translate the ampoule accurately, a microstepping
motor was used to drive a screw slide; the
translation rate was controlled at 2.5 mm/s in this
study. During crystal growth, a video camera
recorded the evolution of the interface morphol-
ogy with a back lighting to enhance the contrast of
the image. Also, to allow smooth vibration in the
rotational (angular) direction, the ampoule was
tightly fitted into a pair of bearings (top and
bottom) that were both mounted on the translat-
ing system. Then, to generate angular vibration, an
electromagnetic vibrator, which was also mounted
on the translating system, was used. Its shaft was
connected to a mounting disk and the vibration
amplitude was controlled by a variac, while the
frequency was fixed at 60Hz. The vibration
amplitude was estimated by measuring the width
of a vertical thin mark from the video image
during vibration.
For better understanding the observed phenom-

ena, an axisymmetric numerical model accounting
for melt convection, heat and mass transfer, and
the moving interface [4,15] was used to simulate
the crystal growth process. However, direct
numerical simulation using the no-slip velocity
boundary on the interface, i.e.,

Vy ¼ ao r sin ot; (1)

is too time consuming for growth simulation
because the oscillation period is only l/60 s. In
Eq. (1), V y is the angular velocity, a the normal-
ized amplitude (a fraction of 2p), o the angular
frequency, r the radial distance, and t the time; ao
is equivalent to the rotation speed. Instead of using
this boundary condition, we have derived an
effective slip condition based on the treatment in
the Schlichting flow [16], where an average
tangential (radial) streaming velocity Vt at the
growth front can be written as

V t ¼
p
2
a2 f r sin f; (2)

where f is the frequency of vibration and f the
angle between the tangent of the front and growth
axis; f ¼ o=2p: Eq. (2) is valid when the frequency
is high enough so that the Schlichting layer
thickness, i.e., �

ffiffiffiffiffiffiffiffiffiffi
n=pf

p
; is small as compared

with the domain for convection; n is the kinematic
viscosity of the melt. Direct numerical simulation
using Eq. (1) was also carried out for the
comparison with the one using the effective
boundary condition (Eq. (2)), and good agreement
was found. Also, the heating profile was described
by a hyperbolic tangent function fitting to the
measured one having the thermal gradient at the
interface near 10K/cm. The upper melt surface
was set to be stress-free, while the no-slip
boundary condition was adopted for other solid
boundaries. With these boundary conditions, the
problem was solved by an efficient finite volume
method. Detailed discussion of the numerical
model and the comparison with the experiments
can be found elsewhere [9,15].
3. Results and discussion

Fig. 2 shows the interface evolution without
angular vibration. As shown, before solidification
was started, the interface was flat because the
thermal conductivities of the melt and the crystal
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Fig. 2. Interface evolution for SCN containing 0.007wt%

acetone without angular vibration at an ampoule pulling speed

of 2.5mm/s.

Fig. 3. Interface evolution for SCN containing 0.007wt%

acetone with angular vibration at an ampoule pulling speed of

2.5mm/s; vibration amplitude is about 0.0157 and frequency
60Hz.
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are very close to each other [3]. As the ampoule
translated at 2.5 mm/s, the solidification began and
the interface became concave due to the release of
heat of fusion, as shown by the photograph at
40min. Meanwhile, a clear depression or pit
formed at the interface center. This pit formation
is due to acetone accumulation, which lowers the
solidification temperature. A similar observation
was reported by Schaefer and Coriell [3] for SCN/
EtOH and by Singh et al. [17] for PbBr2/AgBr. As
the solidification proceeded further, more solute
was accumulated in front of the interface, because
the acetone has a lower solubility in the solid than
that in the melt (the segregation coefficient is 0.1)
[3]. Finally, as shown by the photograph at 80min,
the freezing interface at the tip of the pit started to
breakdown. A clear dendritic structure was
observed at the bottom of the pit as the solidifica-
tion continued further, as shown by the photo-
graphs at 110 and 180min in Fig. 2.
With angular vibration, a similar experiment

was performed; the normalized vibration ampli-
tude a is about 0.0157. The use of this condition
was estimated from Eq. (2) that the maximum
tangential velocity (about 0.02 cm/s) is large
enough to reverse the melt velocity due to the
buoyancy force. Interestingly, as the vibration was
applied, a concave and wavy interface appeared, as
shown in Fig. 3 (0min). The wavy pattern became
clearer right after the solidification started, but
decayed slowly as that shown in Fig. 2 (20min).
After 30min, the wavy pattern disappeared and
the solidification front became smooth. As the
solidification proceeded further at 40min, the
interface became more concave, and the wavy
patterns remained invisible. Such an interface
remained stable for more than 3 h of observation
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time. Clearly, pit formation was prevented and the
local solute accumulation did not occur at the
interface center. As a result, the interface mor-
phology was stable.
A set of simulations was also carried out to

explain the above observations. The simulated
results corresponding to the cases in Figs. 2 and 3
are shown in Figs. 4a and b, respectively. In each
plot, the left-hand side shows the flow patterns
(stream function C) and the right-hand side the
normalized acetone concentration (C/C0); C0 ¼

0:007wt% the initial concentration. As shown in
Fig. 4a, without ampoule translation, the convec-
tion near the interface is weak, while the flow
prevails near the upper edge of the adiabatic zone.
The upper flow cell is in the clockwise direction
(negative C), while the lower one counterclockwise
(positive C). As the ampoule translates, the
interface becomes concave, and buoyancy convec-
tion near the interface is induced. Meanwhile, the
solute is rejected from the solidification front and
Fig. 4. Simulation results for SCN growth: (a) without vibration; (b) w

stream function (C) (* indicates the zero streamline) and on the right-h
initial acetone concentration. In (a), CminðCmaxÞ ¼ �1:799� 10�4 ð
10�4 ð4:528� 10�4Þ g=s; and �1:320� 10�4 ð4:509� 10�4Þ g=s; while t
to the right for each plot, respectively. In (b), CminðCmaxÞ ¼ �2:8
�1:823� 10�4 ð4:293� 10�4Þ g=s; and �1:816� 10�4 ð4:374� 10�4Þ g
the left to the right, respectively.
is pushed toward the interface center leading to a
pit formation at the center. The pit becomes
sharper as the solidification proceeds further until
numerical breakdown is encountered due to the
wriggled interface (the last plot). On the other
hand, when the vibration is considered, a strong
Schlichting flow appears, as shown by the lower
flow cell (clockwise in the direction) in Fig. 4b.
Because the mean streaming velocity, whose
intensity is from Eq. (2), is considered at the
interface, a flow cell is induced and its direction is
opposite to the thermal convection one. As a
result, the interface became slightly concave even
without ampoule translation. Such a flow con-
tinues to prevail near the interface even with
ampoule translation. As shown in Fig. 4b during
solidification, the solute rejected is carried away
from the center to the peripheral of the interface.
Because the solute accumulation at the center is
prevented, no pit is formed there. Due to the
release of heat of fusion, the interface concavity
ith vibration; on the left hand side of each plot is the contours of

and side the normalized acetone concentration (C/C0); C0 is the

2:996� 10�5Þ g=s; �1:327� 10�4 ð4:482� 10�4Þ g=s; �1:326�
he maximum C/C0 is 1, 14.87, 22.73, and 35.9241, from the left

03� 10�4 ð7:905� 10�5Þ g=s; �2:108� 10�4 ð3:212� 10�4Þ g=s;
=s; while the maximum C/C0 is 1, 1.825, 3.799, and 6.206, from
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also increases slowly with time, and this is
consistent with the observation.
If one examines carefully the acetone concentra-

tion at the growth interface in Fig. 4, it is clear that
the acetone accumulation during pit formation is
much larger than that without a pit under angular
vibration. Further comparison is illustrated in
Fig. 5 on the radial acetone concentration at
different growth periods from Fig. 4. As shown,
without vibration the acetone accumulates quickly
as the solidification proceeds at the interface
center, while no local acetone accumulation is
observed for the cases with vibration. The radial
segregation is indeed reversed by the vibration,
and the acetone concentration increases slowly
from the centerline to the ampoule wall. Further-
more, as shown in Fig. 5 the averaged acetone
concentration at the interface is not much affected
by vibration indicating that the global acetone
mixing is not enhanced. This can also be seen from
the concentration fields in Fig. 4b. The vibration
has only a small effect on the bulk concentration
away from the interface. More importantly,
because the frequency is high, the fluctuations of
the solute concentration and solidification speed
marked on the solidifying crystal may not be
detrimental to its quality. For most materials at
Fig. 5. Comparison of radial acetone concentration (C/C0) at

the interface for different solidification times from Fig. 4;

C0=0.007wt%.
high temperature, solid state diffusion should be
fast enough to smooth out these fluctuations.
4. Conclusion

In this report, angular (rotational) vibration for
flow and segregation control during vertical Bridg-
man crystal growth has been proposed and verified
by using a transparent system and numerical
simulation. As compared with the traditional
active control approaches, angular vibration is
simpler, but more effective. It is also easy to
implement angular vibration in an existing system.
The radial segregation can be controlled easily by
the amplitude or frequency. Furthermore, because
the global solute mixing is not enhanced, the
present approach does not increase the axial
segregation. Meanwhile, due to the high fre-
quency, solidification speed is stable, and the
crystal quality could be preserved.
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