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Abstract

Computer simulation is performed to illustrate the signi"cance of ampoule rotation on the #ows, interface shapes, and
the growth rate in vertical zone-melting (VZM) crystal growth. For the growth of a 2 cm GaAs crystal in a quartz
ampoule, simulation results show that even low-speed ampoule rotation can signi"cantly a!ect the #ows and further the
growth interface. The concave growth front due to buoyancy convection can be inverted easily to a convex one by steady
ampoule rotation. The accelerated crucible rotation technique (ACRT) also has a similar e!ect on the growth interface,
but less e!ective. In addition, severe periodic growth and remelting is induced by ACRT, and it is enhanced signi"cantly
by natural convection. ( 1999 Elsevier Science B.V. All rights reserved.

PACS: 44.25.#f; 47.27.Te; 81.10.Fq; 02.60.cb; 02.70.Fj
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1. Introduction

The control of melt #ow, the interface shape, and
the growth rate is important in crystal growth pro-
cesses. Especially, for crystal growth in an ampoule,
a #at or convex growth front is usually required to
minimize the parasitic nucleation of grains from the
ampoule wall [1]. The convection and its asso-
ciated heat and mass transfer are key factors for the

interface control. Therefore, "nding suitable opera-
tion parameters for a better control the transport
processes is important for crystal growth. In addi-
tion to the interface shape, the melt #ow is also
responsible for the growth rate (solidi"cation or
melting) and dopant mixing. An unstable growth
rate due to time-dependent #ows and unfavorable
solute segregation are also detrimental to crystal
quality. Tuning heating pro"les and applying mag-
netic "elds are well-known approaches for control-
ling the melt #ow [2}6]. Vibration can also be used
[7,8]. For vertical Bridgman (VB) or zone-melting
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(VZM) crystal growth, the control of the interface
shape or solute segregation by these approaches
has been studied for years [e.g., Refs. [4}8]]. How-
ever, the e!ects of ampoule rotation, especially,
steady rotation, have not been investigated until
recently by Lan [9] for the VB con"guration. He
used ampoule rotation to damp the buoyancy #ow
and further to achieve the control of dopant segre-
gation from a nearly complete mixing to di!usion-
limited region. However, the interface shape and
the growth rate were not a!ected much by ampoule
rotation in his study.

In general, ampoule rotation is often used for (1)
achieving an axisymmetric heating by steady rota-
tion and (2) enhancing mixing by the accelerated
crucible rotation technique (ACRT) [10]. The idea
of ACRT is to rotate the ampoule or crucible at
varying rates about the vertical axis. As the rota-
tion rate changes, a momentum boundary layer, the
so-called Ekman layer, is built up driving the melt
#ow either spin-up or spin-down. The e!ectiveness
of ampoule rotation on crystal growth depends on
several factors including the rotation speed, the
system diameter, and the inherent #ow structures
and intensity, etc. For example, because the buoy-
ancy #ow in VB crystal growth is usually weak due
to its stabilized thermal condition, a rotation speed
of several tens of RPM may be enough to damp the
#ow [9]. In VZM crystal growth, due to radial
heating, the buoyancy convection is much stronger
and often causes a concave growth interface [11].
The damping of the buoyancy #ow in VZM by the
steady ampoule rotation may not be e!ective. On
the contrary, the Ekman #ow induced by ACRT
may be dominant in the molten zone [12]. There-
fore, with the combination of spin-up and spin-
down Ekman #ow cycles, ACRT has been widely
adopted for enhancing mixing and thus mass trans-
fer. As a result, faster crystal growth from the solu-
tion without solvent inclusion may be possible
[13,14]. Besides, ACRT can also have e!ects on the
growth interface. A #atter growth front due to
ACRT may be possible [12,15], and this was also
observed by Bloedner et al. [16] during the growth
of Hg

x
Cd

1~x
Te. In fact, the use of ACRT in crystal

growth is still controversial. ACRT-induced
growth striations have also been reported [17].
However, the theoretical study of ACRT for crystal

growth is not adequate. Recently, some numerical
investigations of ACRT have been reported
[12,15,18], as well as the extensive review of simpli-
"ed models [19]. Unfortunately, these studies were
based on the simpli"ed models that neglected the
growth front and the growth rate. Therefore, it has
not been discussed how the growth rate and inter-
face are a!ected by ACRT. Furthermore, the e!ects
of steady ampoule rotation, though a simple opera-
tion, on the heat #ow and the growth interface have
not been investigated as well. As will be illustrated
shortly, the steady ampoule rotation could be e!ec-
tive in the control of the #ow and thus the growth
interface, while keeping the growth stable.

In this paper, some signi"cant aspects of am-
poule rotation will be illustrated through numerical
simulation. Using the growth of GaAs in a quartz
ampoule as a model system, we will "rst illustrate
how the steady ampoule rotation a!ects the #ow
locally and globally, which leads to an inversion of
the growth interface. Furthermore, the e!ects of
ACRT with the same rotation speed, e.g. 5 RPM,
will then be discussed for the cases with and with-
out the buoyancy force. In addition to the illustra-
tion of the #ows, the growth front shape and the
growth rate will be focused. In the next section, the
mathematical model and its numerical solution are
brie#y described. To avoid misleading from pos-
sible numerical mistakes, we compare "rst our re-
sults with those from a commercial CFD package,
Fluent, for a simpli"ed model with steady rotation.
Further comparison for a low-speed ACRT with
analytical results will be performed before moving
into the results and discussion in Section 3. Finally,
brief conclusions are given in Section 4.

2. Model and numerical solution

The schematic of the VZM crystal growth used
in this study is depicted in Fig. 1a. The furnace is
described by an e!ective heating pro"le ¹

!
(z, t),

which is speci"ed in modeling. To start crystal
growth from a stationary state, this pro"le is moved
upward at speed ;

)
. The ampoule rotation speed

X(t) can be constant or time-dependent. For the
cases that a steady state can be achieved, the
pseudo-steady-state model is adopted [20], which
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Fig. 1. Schematic sketch of vertical zone-melting (VZM) crystal growth: (a) full model; (b) simpli"ed model.

saves computing time signi"cantly. Therefore, for
pseudo-steady-state calculations, the heating pro-
"le is kept stationary and the ampoule is moving
downward at speed;

!
. Usually, near the middle of

the ampoule, a pseudo-steady-state can be reached
easily in 15 min; we will illustrate that shortly.
Therefore, for the cases that a pseudo-steady-state
is possible, we will use the model for illustration.
The system is assumed axisymmetric, so that the
#ow and temperature "elds, as well as the growth
front (the melt/crystal interface, h

#
(r, t)), and the

feed/melt interface, h
&
(r, t), are represented in a cy-

lindrical coordinate system (r, z).
The melt is further assumed incompressible and

Newtonian, while the #ow is laminar. The Bous-
sinesq approximation is also adopted. If the stream
function t and vorticity u are de"ned in terms of
radial (u) and axial (v) velocities as

u"!

1

o
.
r

Rt
Rz , v"

1

o
.
r

Rt
Rr , (1)

and

u"

Ru
Rz!

Rv
Rr, (2)

the unsteady-state governing equations for stream
function, vorticity, azimuthal velocity (vh), and tem-
perature (¹) in the conservative-law form can be
written as follows:

Equation of motion:
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Circulation equation:
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Stream equation:
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Energy equation:
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(6)

where k
.

is the melt viscosity. Also, o
i
is the density,

C
pi

the speci"c heat, and k
i
the thermal conductiv-

ity of phase i; i represents the melt (m), the feed (f),
the crystal (c), or the ampoule (a). In addition, g is
the gravitational acceleration and b

T
the thermal

expansion coe$cient. The associated thermal
Rayleigh (Ra

T
) and Taylor (Ta) numbers are de-

"ned as follows:

Ra
T
,b

T
R3

#
g¹

.
/(l

.
a
.
); Ta,X2R4

#
/l2

.
,

where ¹
.

is the melting temperature of the pure
material, l

.
"k

.
/o

.
, and a

.
"k

.
/(o

.
Cp

.
). The

characteristic length R
#

is the crystal radius as
shown in Fig. 1a. All the physical properties used in
Ra

T
and Ta are obtained at ¹

.
. The reason for

using ¹
.

as the characteristic temperature is for
convenience, since the temperature di!erence *¹ in
the melt zone is unknown a priori.

To solve the previous equations, boundary con-
ditions need to be speci"ed. Most boundary condi-
tions can be found elsewhere [20,21]. In brief, the
no-slip boundary condition for velocities is used at
solid boundaries. For example, at the melt/solid
interfaces,

vh"rX(t), (7)

where X(t) is the ampoule rotation speed.

Heat transfer from the system to the ambient is
governed by convection and radiation:

!(nk
!
)+¹)"h[¹!¹

!
(z, t)]

#e
!
p[¹4!¹

!
(z, t)4], (8)

where h is the heat transfer coe$cient, e
!

the am-
poule emissivity, and p the Stefan}Boltzmann con-
stant. ¹

!
(z, t) is the e!ective ambient temperature,

which is described by a Fermi-like distribution:

¹
!
(z)"

¹
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!¹

!=
expM(Dz!z

1
(t)D!w)/aN#1

#¹
!=

, (9)

and

z
1
(t)"z

10
#P

t

0

;
h
dt, (10)

where ¹
1

and ¹
!=

are the peak and background
temperatures, respectively, the parameters u and
a are related to the width of the distribution, z

1
(t) is

the position of ¹
1
, and z

10
the initial position of ¹

1
.

An example of this distribution is shown on the
right of Fig. 1a, which is similar to that measured
from a typical zone heater furnace [13]. The top
surface of the system is assumed adiabatic, and
there is not ampoule cover there. A more realistic
boundary condition can be used if necessary.

The above governing equations and their asso-
ciated boundary conditions can only be solved
numerically. We have developed e$cient "nite-
volume schemes using Newton's method with
a solution tracking capability and the DASPK sol-
ver for integration [22] for solving these equations.
A detailed description of the numerical method can
be found elsewhere [20,21].

3. Results and discussion

Before showing calculated results, careful exam-
ination of the numerical methods is necessary for
both steady- and unsteady-state calculations.
Therefore, we have adopted a simpli"ed model as
shown in Fig. 1b for comparison purposes. The
heating pro"le is constant and kept at 1711 K. The
physical properties of the materials are listed in
Table 1. The results calculated by a commercial
code, Fluent, for di!erent rotation speeds are shown
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Table 1
Physical properties and some input parameters [26]

GaAs
o
#
"o

&
"5.7 g cm~3

o
.
"5.7 g cm~3

¹
.
"1511 K

*H"726 J g~1

h"4.096]10~4 W cm~2 3C~1

k
#
"k

&
"0.07 W cm~1 3C~1

k
.
"0.14 W cm~1 3C~1

Cp
#
"Cp

&
"Cp

.
"0.42 J g~13C~1

b
T
"1.16]10~4 K~1

Quartz
o
!
"2.2 g cm~3

k
!
"0.035 W cm~1 3C~1

Cp
!
"0.188 J g~1 3C~1

e
!
"0.7

Other input parameters
¸"15 cm
R

#
"1 cm

R
!
"1.2 cm

¹
1
"1800 K

¹
!=

"898 K
w"1.25 cm
a
&
"a

#
"0.2 cm

z
10
"7.5 cm

X
0
"0}20 RPM

u
0
"0.02p rad/s

;
!
"!1 cm/h (for pseudo-steady-state claculations)

;
)
"1 cm/h (for fully transient calculations)

Fig. 2. Calculated #ow patterns and isotherms using Fluent for the simpli"ed model: (a) 0 RPM (Ta"0); (b) 3 RPM (Ta"7.956);
(c) 5 RPM (Ta"13.26). Ra

T
"8.51]105. The minimum stream function t

.*/
is indicated by a minus (!), t"0 by an asterisk (H),

t
.!9

by an plus (#), and ¹
.!9

by (v). Detailed comparison with our numerical results is illustrated in the table.

in Fig. 2. The #ow patterns are on the left and the
isotherms are on the right; it is the same for the rest
of "eld plots. The conditions used are also shown,
and the detailed comparison with our numerical
calculations is listed in the table. In fact, in Fluent,
the calculation can be performed using either
a "xed frame with rotating boundaries or a rotating
frame. However, the calculated results are almost
the same. With a similar mesh, 41]61 in the melt,
our results are in good agreement with Fig. 2, as
shown in the table. We have further performed
mesh re"nement for checking numerical errors, but
the calculated results are not changed much. There-
fore, the same mesh (41]61 in the melt) is used for
all the calculations here. From Fig. 2a, it is obvious
that the buoyancy convection is strong, so that the
isotherms are highly distorted; the overheating in
the melt is 53.693C. The highest temperature at the
surface moves upward signi"cantly due to the #ow,
and the downward #ow near the symmetry axis
pushes the isotherms downward. As will be shown
later, such a #ow often leads to a concave growth
front, which is not favorable for growing single
crystals. As the rotation speed is increased to
3 RPM in Fig. 2b, a small secondary cell is induced
near the center of the growth front. As a result, the
isotherms are now pushed upward slightly. Inter-
estingly, the intensity of the main #ow (Dt

.*/
D) is not
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Fig. 3. Comparison of the calculated angular velocity distribu-
tion (solid lines) with analytical solutions (dashed lines) for an
in"nitely long cylinder with a sinusoidal rotation.

damped by the rotation; also see the table in Fig. 2.
On the contrary, its intensity increases due to the
slightly higher overheating. The secondary #ow cell
continues to grow with the increasing rotation
speed. As shown in Fig. 2c at 5 RPM rotation, the
secondary cell becomes much larger, and again the
isotherms near the growth front are pushed upward
further more. The #ow intensity is still not reduced
at all by rotation. In fact, the main #ow will be
suppressed at much higher rotation speeds at which
the overheating e!ect can be compensated. Never-
theless, from the distortion of the isotherms from (a)
to (c), the heat transfer becomes more conductive
with the increasing rotation speed, especially, near
the growth front. In other words, from the isotherm
patterns, it is clear that the interface control can be
achieved by rotation. Furthermore, unlike the VB
case shown by Lan [9], the global #ow here is not
suppressed e!ectively by ampoule rotation. In-
stead, the rotation modi"es the local #ow near the
growth front, and thus a!ects the heat transfer and
the interface there.

The second comparison is performed for ACRT
using a long cylinder; its top and bottom bound-
aries are neglected. The system is also assumed iso-
thermal. If the rotation speed is low, an analytical
solution for a sinusoidal ampoule rotation, i.e.,
X(t)"X

0
sin(u

0
t), can be obtained (after the transi-

ent period) as the following [19]:

X(r, t)r

X
0
R

c

"!cos(u
0
t)

]
ber@(kr)bei@(kR

#
)!bei@(kr)ber@(kR

#
)

(ber@(kR
#
))2#(bei@(kR

#
))2

#sin(u
0
t)

]
ber@(kr)ber@(kR

#
)#bei@(kr)bei@(kR

#
)

(ber@(kR
#
))2#(bei@(kR

#
))2

,

(11)

where k2"u
0
/l

.
and ber@(x) and bei@(x) are Kelvin

functions [23], which are evaluated by the math-
ematical library NAG [24]. As the initial transient
period has passed (it takes about two to three
cycles), the rotation speed in the melt changes peri-
odically with ampoule rotation. The comparison of
our calculations with the analytical results at di!er-

ent times of a steady cycle is shown in Fig. 3. As
shown, excellent agreement is obtained as well.
Other comparisons for spin-up (by increasing the
rotation speed from zero to a "nite speed) and
inertial-internal gravity waves [25], which cause
the oscillation of the angular speed in the #uid, for
a "nite cylinder are also conduced. Good agree-
ment with the analytical or experimental results are
obtained.

After building the con"dence on the numerical
methods, we are now ready to illustrate our cal-
culated results for the VZM growth of a 2 cm GaAs
crystal in a quartz ampoule. Detailed physical and
input data are listed in Table 1 [26].

3.1. Ewects of steady ampoule rotation

The e!ects of 5 RPM steady ampoule rotation
for di!erent convection levels are shown in Fig. 4.
Without ampoule rotation, as shown from Fig. 4a
to Fig. 4c, it is clear that the natural convection
enhances the heat transfer and causes a concave
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Fig. 4. E!ects of buoyancy convection and 5 RPM ampoule
rotation on the buoyancy #ow and interface shapes.

Fig. 5. E!ect of ampoule rotation on the interface de#ection
(*h

#
), zone length (h

&
!h

#
), and heat #ows. The heat #ow pat-

terns from a to e are corresponding to 0, 3, 5, 10, and 20 RPM
ampoule rotation, respectively. t

.*/
"!1.0833, t

.!9
"8.896]

10~3 g/s, and ¹
.!9

"1642.96 K for a; t
.*/

"!1.1012,
t
.!9

"2.650]10~2 g/s, and ¹
.!9

"1643.85 K for b; t
.*/

"

!1.2788, t
.!9

"5.327]10~2 g/s, and ¹
.!9

"1649.26 K for c;
t
.*/

"!1.286, t
.!9

"2.378]10~2 g/s, and ¹
.!9

"1650.21 K
for d; t

.*/
"!0.8059, t

.!9
"1.0493] 10~2 g/s, and ¹

.!9
"

1653.87 K for e.
growth front; the zone length also increases and the
melt overheating decreases with the increasing g.
With 5 RPM ampoule rotation, as shown from Fig.
4d to Fig. 4f, there is no e!ect for 0 g (Ra

T
"0).

However, for 0.1 g (Ra
T
"8.51]104, Ta"13.26)

in Fig. 4e, the intensity of the buoyancy #ow is
reduced (from 0.4216 to 0.2059 g/s). Meanwhile,
a secondary #ow cell near the growth front is
induced. The distortion of the isotherms is also
reduced signi"cantly. As a result, the growth inter-
face becomes convex. At normal gravity
(Ra

T
"8.51]105, Ta"13.26) in Fig. 4f, the main

#ow intensity is not reduced but enhanced, and this
is mainly due to the higher thermal gradients
caused by the increase of overheating as compared
to 0 RPM. However, near the growth front, a much
larger secondary cell is induced. Due to the second-
ary cell, the isotherms are now pushed upward
slightly. As a result, a convex growth front is ob-
tained. At the beginning of this research, we were

cautious about the correctness of the results be-
cause 5 RPM rotation is usually believed to be too
small to have any signi"cance on the crystal inter-
face. However, after extensive benchmark testing
and comparison with other numerical methods, as
well as the commercial code, Fluent, we are quite
con"dent with the results. Such results provide new
information for crystal growers to reexamine the
signi"cance of ampoule rotation. According to the
calculations, the ampoule rotation, even at a low
speed, could be signi"cant on the #ows, heat trans-
fer, and the growth front shape. Again, the modi"-
cation of the local heat #ow near the growth front is
the key to make it work.

Further illustration is also conducted for normal
gravity. We trace our solution from 0 to 20 RPM,
and the results are summarized in Fig. 5. The
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Fig. 6. Dynamic response of the growth rates (r"0 and r"R
#
)

from stationary to a pseudo-steady-state growth at;
)
"1 cm/h

for 0 and 5 RPM ampoule rotation.

de#ection of the growth front *h
#
,h

#
(R

#
)!h

#
(0)

is shown on the left vertical axis, while the zone
length at the centerline h

&
(0)!h

#
(0) on the right. As

shown, the dramatic change of the growth front
shape, from concave to convex, occurs at about
3 RPM, where the secondary cell appears; also see
the #ow patterns and isotherms in Fig. 5b. After
5 RPM rotation, the change of the interface de#ec-
tion and zone length is not much. However, at
higher rotation speed, say 20 RPM, the main #ow
intensity starts to decrease. At high rotation speed,
the damping e!ect is also e!ective near the melt
core because the heat transfer there is changed from
convective to conductive modes. The Taylor}
Proudman column [27] near the melt core be-
comes obvious after 10 RPM. Such a change can
also be seen from the distortion of the isotherms.
However, as far as the interface control is con-
cerned, only the heat transfer near the growth front
needs to be modi"ed, and slow rotation seems to be
enough to achieve that. Furthermore, for radial
solute segregation, the appearance of the secondary
cell at 3 RPM is believed to be important as well.
Indeed, both cases require only the modi"cation of
the local #ow near the growth front, and that is why
the slow rotation works in this study.

Furthermore, the time to achieve a pseudo-
steady growth for both 0 and 5 RPM is about the
same. We have also conducted transient calcu-
lations for both cases, as shown in Fig. 6. The initial

stationary conditions are obtained at;
!
";

)
"0.

At t"0, we change ;
)

to 1 cm/h. As shown, the
growth rates at both r"0 and R

#
take less than

15 min to reach a steady growth. Furthermore,
because the growth rate is not high, by comparing
the zone shapes at t"0 and 3000 s, its e!ect on the
growth front is small. More importantly, the slow
ampoule rotation does not seem to introduce any
#ow instability to the growth in this case.

3.2. Unsteady ampoule rotation } ACRT

Another way, which is a well-known technique to
control the #ows and heat transfer is ACRT. There-
fore, a growth simulation for ACRT is performed.
We also use 5 RPM for illustration, and the
sinusoidal ampoule rotation is used. Other rotation
cycles may be used, but we believe that their e!ects
will be similar.

We start from a steady growth result (without
rotation) from the previous "gure (Fig. 6) at
t"3000 s, which is now reset to t"0. At t"0, we
turn on the ampoule rotation, as shown on the top
of Fig. 7a; the period is 100 s and the amplitude is
5 RPM. Again, as shown from Fig. 7a}Fig. 7c, the
system takes about 8 min to reach a pseudo-steady
periodic state. However, as shown in Fig. 7a, the
amplitude of the oscillatory interface speeds
(growth and remelting) is much larger than the
preset growth rate, 1 cm/h (or 2.7778]10~4 cm/s),
which is also indicated by a dashed line above zero.
In practice, such severe growth and remelting can
be a source of growth striations.

The zone length also changes with the rotation
speed, as shown in Fig. 7b; the mean length is
reduced by ACRT. More importantly, the interface
de#ection *h

#
in Fig. 7c is also reduced by ACRT,

which is similar to that due to 5 RPM steady
rotation, but less e!ective. If we take one period
from t"500 to 600 s, the system response can be
examined closely, as illustrated in Fig. 8. At
t"500 s, the #ow is at the end of a spin-down
cycle, and the Ekman #ow near the growth front
has the same #ow direction as the natural convec-
tion. Therefore, its e!ect is not obvious. However,
at the end of spin-up at t"525 s, the Ekman #ow
cell near the growth front, which brings the heat
away from the growth front, causes the faster
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Fig. 7. E!ect of 5 RPM ACRT on (a) growth rates (r"0 and
r"R

#
); (b) zone length at r"0; (c) interface de#ection. The

rotation cycle is shown on the top of the "gure. Ra
T

"8.51]105.

Fig. 8. One period of ampoule rotation cycle from t"500 to
600 s: t

.*/
"!1.0865, t

.!9
"1.425]10~2 g/s, and ¹

.!9
"

1643.76 K for t"500 s; t
.*/

"!1.294, t
.!9

"0.1750 g/s, and
¹

.!9
"1646.79 for t"525 s; t

.*/
"!1.0866, t

.!9
"1.451]

10~2 g/s, and ¹
.!9

"1643.74 K for t"550 s; t
.*/

"!1.2927,
t
.!9

"0.1729 g/s, and ¹
.!9

"1646.79 K for t"575 s;
t
.*/

"!1.0866, t
.!9

"1.451]10~2 g/s, and ¹
.!9

"1643.74 K
for t"600 s.

growth near the centerline as well as the upward
distortion of the isotherms there. Meanwhile, the
interface near the ampoule surface is melted back.
At the end of spin-down (t"550 s), the interface at
the centerline is melted back, while the crystal
grows near the ampoule wall. Because one period
consists of two cycles of spin-up and spin-down, the
second cycle (from 550 to 600 s) is almost the same
as the "rst cycle. Furthermore, from the #ow pat-
terns, it is clear that ACRT only a!ects the #ow
locally near the growth interface. Therefore, its ef-
fect on the feed front is much less. In addition, its
e!ects on the shape of the growth interface is not as
e!ective as that by steady ampoule rotation. Never-
theless, the severe growth and remelting being
much larger than the growth rate is not expected,
but it may be interesting to crystal growers. As will
be illustrated shortly, for 5 RPM ACRT without
the buoyancy force, the Ekman #ow alone cannot
generate such a severe e!ect, and this unveils the
role of natural convection in ACRT.

For the case with the same ACRT cycle, but
without buoyancy force, the calculated results are
shown in Fig. 9. As shown in Fig. 9a, the oscillation
amplitude of the growth rate, as compared with
Fig. 7a, decreases signi"cantly. However, the max-
imum growth speed is still about two times of the
present speed and the remelting still occurs occa-
sionally. The change in the zone length (Fig. 9b)
and the interface de#ection (Fig. 9c) is reduced
slightly. The system response from 500 to 600 s is
shown in Fig. 10. As shown, typical Ekman #ows
due to spin-up and spin-down are revealed; again
(a) is at the end of one spin-down cycle. However,
because the rotation speed is only 5 RPM, their
e!ects on the heat transfer and thus the interface
shape are not as obvious as in the previous cases.
Clearly, buoyancy convection plays an important
role during ACRT at slow rotation. Although the
Ekman #ow is weak at 5 RPM, its periodic distur-
bance to the main buoyancy cell could cause severe
growth and remelting. Such a mechanism is very
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Fig. 9. E!ect of 5 RPM ACRT without buoyancy force
(Ra

T
"0): (a) growth rates; (b) zone length; (c) interface de#ec-

tion.

Fig. 10. One period of ampoule rotation cycle from t"500 to
600 s without buoyancy force: t

.*/
"!1.924]10~2,

t
.!9

"1.928]10~2 g/s, and ¹
.!9

"1661.42 K for a (t"500 s);
t
.*/

"!9.344]10~3, t
.!9

"9.536]10~3 g/s, and ¹
.!9

"

1661.39 K for b (t"512.5 s); t
.*/

"!1.878]10~2,
t
.!9

"1.894]10~2 g/s, and ¹
.!9

"1661.68 K for c (t"525 s);
t
.*/

"!2.787]10~3, t
.!9

"2.865]10~3 g/s, and ¹
.!9

"

1661.62 K for d (t"537.5 s); t
.*/

"!1.924]10~2,
t
.!9

"1.928]10~2 g/s, and ¹
.!9

"1661.42 K for e (t"550 s).

di!erent from that of a typical ACRT at several
tens of RPM, in which the Ekman #ow dominates
over the buoyancy #ow [12].

From the crystal growth point of view, the severe
growth and remelting induced by ACRT usually is
not favorable. However, ACRT could be an e!ec-
tive way to generate regular striation patterns that
may be useful, for example, in the generation of
quasi-phase matching domain for nonlinear optical
crystals.

4. Conclusions

The e!ects of ampoule rotation, both steady ro-
tation and ACRT, on the #ows, heat transfer, the
growth rate, and the growth front shape are studied
by numerical simulation for vertical zone-melting
crystal growth. It is found for the "rst time that the
steady ampoule rotation, even at a low speed of 3}5
RPM, can signi"cantly a!ect the heat #ow and the
interface shape. Interface inversion from concave to

convex is achieved. The local #ow near the growth
front induced by the centrifugal force plays a key
role in the heat #ow and thus the interface control.
With the same rotation speed, ACRT has similar
e!ects, but less e!ective. ACRT also induces severe
growth and remelting that may be responsible for
growth striations. Interestingly, the amplitude of
the oscillatory speed is reduced signi"cantly if the
buoyancy force is removed. Although the numer-
ical calculations are carefully performed, the con-
"rmation of the e!ects of ampoule rotation still
requires crystal growth experiments. Nevertheless,
the present calculations may provide useful in-
formation, from the theoretical side, to crystal
growers in the control of the interface shape and the
growth rate by ampoule rotation.
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