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Abstract

A set of numerical analyses for momentum, heat transfer and thermal stress for a 3 in. diameter liquid encapsulant Czochralski
growth of single-crystal InP with an axial magnetic field is carried out by using the finite element method. Firstly, convective and con-
ductive heat transfers, radiative heat transfer between diffuse surfaces and the Navier—Stokes equations for both melt and encapsulant
and electric current stream function equations for the melt and crystal are all combined and solved simultaneously. The thermal stress
distribution in the crystal is calculated by using the obtained temperature field. The effects of some process parameters on flow, heat

transfer, growing interface shape and thermal stress are investigated.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Indium phosphide (InP) is an important semiconductor
material in the application of optoelectronic and high fre-
quency devices. Compared with silicon, the growth of
InP is much more difficult in terms of yield and quality con-
trol. One of the methods used successfully growth of InP is
the liquid-encapsulated Czochraski (LEC) technique. The
LEC growth process involves various flow mechanisms.
The main mechanism is natural convection in the melt
due to buoyancy. Additional effects such as forced convec-
tion driven by crystal and (or) crucible rotation and
Marangoni convection due to surface tension gradient also
affect flow patterns in the melt. As well known, the quality
of the grown crystal is associated with the melt flow. Con-
vective transport in the melt may lead to small-scale spatial
oscillations of the crystal’s dopant composition, which are
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called striations or microsegregation and/or large-scale
variations of the crystal’s dopant composition, which are
caused by the macrosegregation. Since molten semiconduc-
tors are excellent electrical conductors, a magnetic field can
be used to control the melt motion in order to control the
dopant distribution in the crystal. There have been some
works that have dealt with the modeling and simulation
of growth systems of InP crystal with various levels of com-
plexity. Linear stability analysis for the buoyancy convec-
tion during the LEC growth of compound semiconductor
crystals with a steady, uniform, vertical magnetic field
was performed, critical Rayleigh number was obtained
for the weaker and stronger magnetic fields [1]. Morton
et al. [2,3] treated the species transport in an InP melt dur-
ing the magnetically stabilized LEC process. Dopant distri-
butions in the crystal and in the melt at several different
stages were present for several magnetic field strengths.
The effect of the convective species transport on the segre-
gation in both the melt and the crystal was emphasized.
Zhang and his coworkers [4] simulated the high pressure,
liquid-encapsulated Czochraski (HPLEC) growth of InP
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crystal, the effect of gas recirculation on melt flow and
growing interface shape was studied. Their model incorpo-
rated flows induced by buoyancy and capillary forces and
by crystal and crucible rotations, as well as the radiation
heat loss from the melt and the crystal surface. Zou et al.
[5] extended Zhang et al.’s work, calculated the thermal
stress in the growing crystal and the redistribution of dop-
ant in the melt. A 3D unsteady model including the inter-
face shape calculation was presented in the entire LEC
furnace for the first time [6]. A numerical simulation to
study the batch operation of liquid-encapsulated vertical
Bridgman (LEVB) crystal growth was conducted, the
dynamic effects of some process parameters, including the
ambient temperature distribution and the shape and aniso-
tropic properties of the ampoule, on heat flow, the growth
rate, and the growing interface shape were given [7]. Okano
et al. [8] investigated the effect of crucible cap and crucible
rotation on growing interface shape in vertical gradient
freezing (VGF). A parallel adaptive finite element scheme
was used to analyze the InP LEC melt flow, in their model
only the melt phase was included [9].

In these investigations mentioned above, it should be
pointed out that some of them consider the effect of mag-
netic field, but do not involve the movement of the growing
interface and the calculation of the thermal stress in the
crystal [1-3], some take the movement of the growing inter-
face [4,6-8] and the thermal stress [5] into account but
neglecting the effect of magnetic field. The present work
is different from the these works, it involves not only the
effect of magnetic field, but also the movement of the grow-
ing interface and the calculation of thermal stress. We per-
form a set of numerical simulations on momentum, heat
transfer and the thermal stress for a 3 in. diameter LEC
growth of single-crystal InP with an axial magnetic field
by using the finite element method. The effects of the thick-
ness of encapsulant, the imposed magnetic field strength,
the crystal pulling rate as well as the crystal and crucible
rotation rate on the flow, heat transfer, growing interface
shape and thermal stress are discussed.

2. Model description
2.1. Physical model and basic assumptions

Schematic diagram adopted in the present analyses is
shown in Fig. 1, in which the InP melt/encapsulant inter-
face shape is calculated by solving the Young-Laplace
equation. The ambient temperature 7,; and T,, are given.
The following assumptions are introduced in the model.

(1) The system is in a pseudo-steady state and is axisym-
metric. (2) Both the InP melt and the boron oxide encapsu-
lant are incompressible and the flow is laminar. (3) The
magnetic Reynolds number is so small that the effect of
the induced magnetic field on the applied field can be
neglected. (4) The crystal behaves as a thermoelastic solid.
(5) Thermophysical properties are assumed to be constant
except for the dynamic viscosity of boron oxide u. (6) No
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Fig. 1. Mesh (left) and schematic of model (right) for crucible (quartz),
crucible support, melt, encapsulant and crystal as used to model LEC
system.

subcooling occurs at the growing interface and the interface
shape coincides with the melting temperature isotherm.

2.2. Mathematical model

2.2.1. Governing equations

Under the above assumptions, the general governing
equations for flow and temperature field are given by con-
servation equations for mass, momentum and energy as
follows.

In the melt and encapsulant:

Vv, =0, (1)
pVi - Vvi=—-Vp, —V 1,4+ p,gf(T; — Tn)e.+ (J xB), (2)
picyiVi - VT; =NV -VT,. (3)
In the crystal:

pscpsVse. - VI = AV - (VT). 4)
In the other solid materials:

V- (VT;) =0, (5)

where T, v, p, and t are the temperature, velocity vector,
pressure and stress tensor, respectively. Ty, is the melting
temperature, p the density, 4 the thermal conductivity, f
the thermal expansion coefficient, g the gravitational accel-
eration constant, ¢, the heat capacity, V; the crystal pulling
rate, respectively. Subscripts 7, s, and j indicate InP melt
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(i =1), B,O3 encapsulant (i = e), crystal and other materi-
als, respectively. Vector e. is a unit vector parallel to the
z axis. Product (J x B) represents the Lorentz force due
to the imposed magnetic field, in which J is the electric cur-
rent density and B is strength of the magnetic field. The
electric current density J is calculated by introducing the
electric current stream function y; which is determined by
the following equation:

0 (G103 (&10YN\ _Jow , 3w
=) eaesl) ©
where y; is defined by

&,

Je= r or’ )
EB oY,
Jr:71767217 (8)

here ¢ is the electrical conductivity, r the radius. Eq. (6) is
valid in both the melt (¢ = &) and the crystal (¢ = &).

2.2.2. Boundary conditions for the temperature field
At the melt/encapsulant interface:

—/m - VT = —jen- VT + ¢ (9a)
At the encapsulant free surface:

—Jel - VTe = Gy (9b)

At the growing interface:

/l]ﬂ . VTl - )»Sn . VTs — pSVsAHsn €z, (9C)
Ty=Ts=Tn. (9d)

At the encapsulated crystal side:
—2sn-VTy=—=2n-VTe+Grqs (9e)

At the encapsulated crucible side:
— jn . VTJ = —)»,en . VTe + qrad,j' (9f)

At the exposed crystal side and top:
_lsn : VTS = Grads: (9g)

At the other exposed surfaces:
—A VTJ' = Yrad - (9h)

In these equations, AHj is the latent heat of fusion, n the
unit normal vector of the interface element and ¢ the emis-
Sivity, ¢raq,; 1s the net radiative heat flux per unit area on the
surfaces, and is given by

Gradi = &i0B le - (ZA/'S;T?GJL) /Af/ﬁz] : (10)
7

where Gj; is Gebhart’s absorption factor, which is the frac-
tion of emission from surface 4; to 4; and absorbed.

2.2.3. Boundary conditions for the flow field and electric
current stream function
At the side wall and the bottom of the crucible:

wm=uv=0, w=ro, ;=0 (11a—d)
At the encapsulated side wall of the crucible:

U, = v, =0, we = ra. (1le-g)
At the melt/encapsulant interface:

n-v=0 n-ve=0 ;=0 (11h—j)
T o0t — 1 nt =y VT -t (11k)
t-vi—t-v. =0, (111)
T, :ney — T, : neyg = VT - ey, (11m)
e9~v17e9~v3:0. (1111)
At the encapsulant surface

n-v, =0, (110)
Te:nt =y VT, - t, (11p)
Te s ey = P Ve - €, (11q)
At the growing interface:

m=uv=0, w=row,. (11r-t)
At the encapsulated surface of the crystal:

Ue =0e =0, we=ras, ;=0. (11u—x)
At the other crystal surfaces:

v, =0. (11y)
At the axis:

¥, =0. (112)

Here u, v, and w are the radial, axial and the azimuthal
components of velocity, ws and o, are the angular rotation
rates of the crystal and crucible, yq; and ;. are the surface
tension temperature coefficient of the melt (under B,Os)
and surface tension temperature coefficient of boron oxide,
respectively. Symbol t and ey are the unit tangential and
azimuthal vectors of each interface element, respectively.
The growing interface shape is determined so that Eq.
(9d) is satisfied, i.e., the interface coincides with the melt-
ing-point isotherm.

We define the characteristic scales of the system by T,
and v/r. for temperature and velocity, (p — po+ pigz)
for pressure, then the system is characterized by the
Grashof number Gr =rlBTng/v, Gre=rB.Tmg/Vi
Reynolds number Res =2nrimg/vi, Re. = 2mriome/w,
Marangoni number Ma; = ypre T/ v, Mas = yrere T/
wv, Peclet number Pe = pyc,;Vsre/%, Prandtl number
Pri= pycpi/71,  Pre= peCpe/Ze and Hartmann number
Ha = r.B/(&/w)""?. Here p is dynamical viscosity and v kine-
matic viscosity. These non-dimension numbers are listed in
Table 1. By applying Galerkin finite element method, the
system gives a set of algebraic equations.
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Table 1
Physical properties and processing parameters

Thermal conductivity A= 11.0 W/m K (crystal), A =22.0 W/m K (melt), 2 =2.0 W/m K (B,03), 4 =2.98 W/m K (quartz crucible), 2 = 42.0 W/m K

(crucible support)
Viscosity = 8.19 x 10~* kg/m s (melt), p = 10~1862H365/T 1o /m 5 (B,05)

Density p = 4730.0 kg/m? (crystal), p = 5050.0 kg/m> (melt), p = 1648.0 kg/m> (B,Os)
Thermal expansion coefficient ff = 4.44 x 10~* K~! (melt), §=9.0x 107> K~! (B,03)
Surface tension temperature coefficient pp; = —1.2 x 107> N/m K (between melt and B,O3), 1. = 3.57 x 107> N/m K (boron oxide free surface)

Latent heat of fusion AH,,, = 735.0 kJ/kg

Heat capacity ¢, = 170.0 J/kg K (crystal), ¢, = 424.0 J/kg K (melt), ¢, = 1830.0 J/kg K (B,05)

Electrical conductivity & = 7.0 x 10°> S/m (crystal, melt)

Emissivity ¢ = 0.6 (crystal), ¢ = 0.3 (melt), ¢ = 0.65 (B,03), ¢ = 0.5 (quartz crucible), ¢ = 0.9 (crucible support)

Melting temperature 7, = 1335 K

Contact angle between melt and crystal 0, = 45°

Rotation rate ws = 0-15 rpm, o, = 0-15 rpm

Prandtl number Pr = 0.0158, Pr, = 915.0 x 10~ -862+3650/T
Grashof number Gr, = 9.33 x 10'°, Gr, = 2.366 x 10°

Marangoni number Ma;, = 9.046 x 10% (between melt and B,05), Ma, = —2.69 x 107 (boron oxide free surface)

Reynolds number Reg = 2.179 x 10° x @, Re. = 2.179 x 10° x o,
Peclet number Pe = 0.00493-0.0196

Axial magnetic field B =0.456-0.821 T

Ambient temperature 7,; = 1108.0 K, 7,, = 1335.0 K
Encapsulant thickness /., = 0.004-0.04 m

Melt height 7 = 0.035 m

Crucible inner radius r. = 0.075 m

Crystal radius r¢ = 0.0375 m

In the present work, the diameter and length of the crys-
tal and the heater temperature are given. The crystal pull
rate is determined as one of the unknown variables,
together with velocities, pressures, temperatures, electric
current stream function and the growing interface coordi-
nates, by simultaneously solving the set of nonlinear alge-
braic equations using Newton-Raphson method. The
radiative heat exchange in the semi-transparent boric oxide
layer is calculated by using the band-energy method [10].
The total number of elements, nodal points and unknowns
are 9127, 9343 and 40829, respectively. The sizes of the
minimum elements in the melt are Arg;, =0.1774 mm,
Azin = 0.68 mm. No obvious change in accuracy is found
for the further fine mesh. Typical conditions are listed in
Table 1, together with the thermophysical properties used
in this work. Due to lack of the surface tension temperature
coefficient of InP (under B,0j3), the value of GaAs is
applied to the present calculation. Numerical procedure
used here is identical to our previous paper [11,12]. The
thermal-elastic stress calculation is performed after the
temperature distribution in the crystal has been obtained.
The calculation assumes that surface forces vanish on the
surface of the crystal.

3. Results

A series of simulations under different operating condi-
tions has been conducted. The effects of the thickness of
encapsulant, imposed magnetic field strength, and the
crystal pulling rate, as well as the crystal and crucible
rotation rate on the flow, heat transfer, growing interface
shape and thermal stress are discussed in the following
subsections.

3.1. Effect of encapsulant thickness

Fig. 2a—c and Table 2 present the effects of the thick-
ness of encapsulant, /4., on the flow, heat transfer, thermal
stress and the growing interface shape for a fixed Hart-
mann number (Ha=1400) and a pulling rate (V=
6.45 mm/h) in the absence of the crystal and crucible rota-
tion. The melt flow driven by the buoyancy force com-
bined with the thermocapillary force is characterized by
a counterclockwise circulation flow, which is confined in
the outer core region below the melt/encapsulant inter-
face. The melt in the inner core region below the growing
interface is almost stagnant as shown in Fig. 2a and b.
Hartmann layer caused by strong magnetic field is
observed adjacent to the crucible’s vertical wall, which
agrees qualitatively with the asymptotic solution [3]. The
maximum velocity V.x and the average velocity V,,
decreases slightly from 0.094 cm/s to 0.083 cm/s and
0.025cm/s to 0.022 cm/s, respectively, when increasing
the thickness of encapsulant from /4. =0.2cm to 4.0 cm
as indicated in Table 2. In the thin encapsulant of
he = 0.2 cm, a clockwise circulation flow induced by ther-
mocapillary force can be found (see Fig. 2a). When thick-
ening the encapsulant to #. =4.0 cm, a bigger buoyancy
force driven cell appears, it occupies upper part of the
encapsulant layer, in this case the thermocapillary force
driven cell still exists just above the melt/encapsulant
interface due to the melt/encapsulant interface drag (see
Fig. 2b). Because B,O3; encapsulant inhibits the radiation
heat loss from the crystal surface, the total heat flow
across the growing interface, Q,, decreases from 114.4 W
to 102.9 W as /. increases from 0.2 cm to 4.0 cm. Corre-
spondingly, the needed heater temperature decrease to
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Fig. 2. Effect of encapsulant thickness. Isotherms separated by steps of 10 K (left shown in a and b), contours of stream function separated by
5% 1078 m%/s (for melt) and 2.5 x 10~ (for encapsulant) (right in the melt and encapsulant shown in a and b), contours of Von Mises stress separated by
4.5 MPa (right in the crystal shown in a and b) and interface deflection under the conditions of Ha = 1400, V, = 6.45 mm/h, w; = w;=0rpm. (a)

he =0.4 cm, (b) h. = 4.0 cm, (c) interface deflection for several different /..

1406.2 K, 6 K lower than that of 7}, =1412.4 for thin
encapsulant as listed in Table 2. The growing interface
shapes for various thickness of the encapsulant are shown
in Fig. 2c. Relatively speaking, the interface deflection is
not very big, the maximum deflection of the interface,
Dax, 18 0.6 mm in the case of s, = 4.0 cm (see Table 2).
However, there exists an obvious difference of the growing
interface shape under various thickness of encapsulant.
Let us divide the growing interface into two portions:
the central portion (r=0-0.02m) and outer portion
(r =0.02-0.0375 m). For the thicker encapsulant, the
whole interface shape is concave (concave to the melt)
due to the effective heat exchange on the crystal surface
by stronger convective in the encapsulant. However, for
the thin one (4. = 0.2 cm), a concave interface at the cen-
tral portion and a convex interface at the outer portion
are observed, this means that the heat transfer path at
the periphery is from the encapsulant to the crystal. As
mentioned above, Qg is the total heat flow crossing the
growing interface and it is larger in the case of
he=0.2cm, (Q;=114.4 W), this implies that more heat
need to be carried away from the central portion of the
growing interface. This results in a bigger temperature
gradient in the center of the growing interface for the

situation of thin encapsulant, which is the origin of the
larger Von Mises stress. From the contours of the Von
Mises stress given in the right half part of the crystal
(see Fig. 2a and b), the stress distributions look similar,
but with different magnitude. There exist two peak stress
spots, op; and oy, one locates at the center of growing
interface (opi), and another one occurres at the edge of
crystal just above the encapsulant surface (ope). The peak
stresses op;i and op. change from 41.3 MPa to 34.0 MPa
and from 39.1 MPa to 30.7 MPa with the increase of the
thickness of the encapsulant from #A.=0.2cm to h,=
4.0 cm, respectively, (see Table 2). Obviously, op; > ope,
the maximum Von Mises stress appears at the center of
the growing interface.

3.2. Effect of magnetic field strength

In the present calculation, a proper magnetic field
strength should be imposed in order that the laminar flow
assumption can hold. Magnetic field strength between
0.456 T and 0.821 T (Ha = 1000-1800) is demonstrated
appropriate for the convergence of the calculation. From
the contours of stream function in the melt and in the
encapsulant shown in Fig. 3a and b, one can see that
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Table 2

Heater temperature and some representative values of the simulation results under different operating conditions

T (K)  Viax (cm/s) Vo (em/s)  Os (W)  Dpax (mm) 0 (MPa) g (MPa)

Case I: h (cm) (w3 = w. = 0 rpm, 0.4 1412.4 0.094 0.025 114.4 0.214 41.3 39.1
Ha = 1400, V= 6.45 mm/h) 1.6 1409.2 0.088 0.024 109.3 0.089 37.8 32.8
2.8 1407.3 0.084 0.023 104.2 0.192 35.05 30.3

4.0 1406.2 0.083 0.022 102.9 0.601 34.0 30.7

Case II: Ha (h.=1.6 cm, 1000 1407.9 0.176 0.053 104.9 —1.737 30.1 31.0
ws = w. =0 rpm, V,=6.45 mm/h) 1200 1409.1 0.124 0.034 107.6 —0.577 34.8 32.1
1600 1409.0 0.066 0.017 1104 0.464 39.66 333

1800 1408.8 0.051 0.013 111.0 0.69 40.8 33.6

Case III: ¥, (mm/h) (h, = 1.6 cm, 3.23 1411.8 0.091 0.026 106.4 —1.197 32.0 31.4
Ha = 1400, o, = o, = 0 rpm) 6.45 1409.2 0.088 0.024 109.3 0.089 37.8 32.8
9.67 1406.6 0.086 0.021 112.3 1.4 44.2 34.3

12.9 1403.9 0.083 0.019 115.2 2.74 51.3 35.8

Case IV: wg (rpm) (. = 1.6 cm, 1 1409.2 0.095 0.024 109.3 0.0873 37.8 32.8
Ha = 1400, w. = 5 rpm, V= 6.45 mm/h) 5 1409.3 0.095 0.023 109.5 0.162 38.1 329
10 1409.4 0.095 0.024 110.0 0.4 39.0 33.1

15 1409.5 0.169 0.028 110.8 0.753 40.4 33.4

Case V: o, (rpm) (h, = 1.6 cm, 1 1409.3 0.088 0.023 109.5 0.17 38.1 329
Ha = 1400, o, = 5 rpm, V, = 6.45 mm/h) 10 1409.3 0.116 0.024 109.4 0.14 37.9 32.8
15 1409.3 0.34 0.025 109.3 0.128 37.7 32.8

Vinax Maximum velocity in the melt; ¥, average velocity in the melt defined as V,y = > (\/u? + v7 ) /N, here N represents the total number of the nodes in

the melt; Q total heat flow across the growing interface; D,,x maximum deflection of growing interface. The symbol minus

T3]

means that the interface is

convex (to the melt); op,; peak of thermal stress at the growing interface; o, peak stress at the edge of crystal just above the encapsulant surface.

the contours of stream function are more dense for the
smaller Hartmann number than that for the larger one.
This implies that the reduction effect of the axial magnetic
field on the flow is significant. The reduction effect can
also be found from the change of the maximum velocity
Vimax from 0.176 cm/s to 0.051 cm/s and the change of
average velocity V,, from 0.053 cm/s to 0.013 cm/s as
increase the magnetic field strength from Ha = 1000 to
Ha = 1800, respectively, as listed in Table 2. Interestingly,
the stronger melt flow with the smaller Ha is still main-
tained in the outer core region below the melt/encapsulant
interface, does not penetrate into the inner core region
below the growing interface. This flow feature combined
with the stronger encapsulant flow makes the heat trans-
port crossing melt/encapsulant interface and consequently
passing the encapsulant layer much effective, so that the
total heat flow crossing the growing interface (Q)
decreases. As a result, the interface shape becomes more
convex (to the melt) with Ha =1000. On the contrast
for the stronger magnetic field, more heat flow passing
the growing interface, so the interface is slightly concave
to the melt (see Fig. 3c). The peak values of the stress
at the growing interface o, and at the edge of crystal
ope increase from 30.1 MPa to 40.8 MPa and from
31.0 MPa to 33.6 MPa as Hartmann number changes
from Ha = 1000 to Ha = 1800, respectively. Comparing
the two peak values op,; and gy, it is clear that the maxi-
mum Von Mises stress locates at the growing interface for
most of Hartmann number except for the case of
Ha = 1000, in which case the maximum Von Mises stress
appears at the edge of the crystal just above the
encapsulant.

3.3. Effect of crystal pulling rate

Due to the space limitation, here we do not represent
the isotherms and contours of stream function and Von
Mises stress but give some representative values as listed
in Table 2 and the interface shapes as shown in Fig. 4.
As a higher pulling rate is associated with a more release
of the latent heat, so with the increase of pulling rate,
the heater temperature needed should be cut down prop-
erly. Meanwhile, it should be emphasized that the solidi-
fication heat generated at the growing interface must be
carried away mainly by the crystal, as pointed out by
Lan [7] that higher axial thermal gradients could remove
the heat of fusion away more effectively, and thus result
in a less concave interface, so in the present situation,
the growing interface shape convents from convex to con-
cave with increasing the pulling rate (see Fig. 4). The max-
imum deflection of interface reaches to 2.74 mm in the case
of V= 12.9 mm/h. There exist no noticeable difference in
the melt flow pattern with rising the pulling rate, but the
maximum velocity V.« and the average velocity V,, in
the melt decreases from 0.091 cm/s to 0.083 cm/s and from
0.026 cm/s to 0.019 cm/s, respectively, as shown in Table 2.
The maximum Von Mises stress appears in the center of
the growing interface for various pulling rates. Specially,
maximum Von Mises stress increases by 60% as enhancing
the pulling rate from 3.23 mm/h to 12.9 mm/h.

3.4. Effect of crystal and crucible rotation

With increasing rotation rate of crystal to ws = 15 rpm,
a new cell appear underneath the growing interface near
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Fig. 3. Effect of magnetic field strength. Isotherms separated by steps of 10 K (left shown in a and b), contours of stream function separated by
5% 1078 m3/s (for melt) and 2.5 x 10~ (for encapsulant) (right in the melt and encapsulant shown in a and b), contours of Von Mises stress separated by
4.5 MPa (right in the crystal shown in a and b) and interface deflection under the conditions of /i, = 1.6 cm, V= 6.45mm/h, w,= w;=0rpm. (a)

Ha = 1000, (b) Ha = 1800, (c) interface deflection for several different Ha.

Interface deflection (mm)

Fig. 4. Interface deflection under the conditions of /A, =1.6cm,
Ha = 1400, o, = o, = 0 rpm for several different pulling rate V.

closely the periphery as demonstrated in Fig. 5a. Particu-
larly, one can see that the slender meridional flow cell
breaks into two cells and the maximum velocity V.
becomes rather large in this case. It is not difficult to see
from Fig. 5b and Table 2 that the growing interface
becomes more concave and the thermal stress increases
slightly with the enhancement of the crystal rotation rate.
Besides, the effect of the crystal rotation rate on the heater
temperature T}, is insignificant. Except the maximum veloc-
ity increases largely, the influence of the crucible rotation

on the flow, heat transfer, interface shape and thermal
stress is negligible (see Table 2).

As the heat flow crossing the growing interface is con-
nected to the axial gradient, and the elastic stress is linearly
proportional to the gradient, so from the data listed in
Table 2 we note that the maximum value of the thermal
stress (opi) is linearly proportional to the total heat flow
from the growing interface (Q,). Meanwhile the maximum
value of the Von Mises stress gets larger in the case where
the interface become more concave to the melt, this is con-
sistent qualitatively with the result of Ref. [5].

The typical maximum value of the Von Mises stress for
LEC-crystals is 25 MPa as pointed out by Sahr et al. [13],
the maximum value of the Von Mises stress obtained in
the present calculation are larger than this value and
slightly larger than those given by Zou et al. [5] and Sahr
et al. [13], so it is very dangerous and the dislocation
maybe generate at the growing interface. Compared with
the available experiment result [14], the calculated inter-
face deflection in the present work is notably smaller, this
maybe originate from the unrealistic ambient condi-
tions adopted in present work, such as neglecting the
gas flow.
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Fig. 5. Effect of crystal rotation. Isotherms separated by steps of 10 K (left shown in a), contours of stream function separated by 5 x 10~% m%/s (for melt)
and 2.5 x 107 (for encapsulant) (right in the melt and encapsulant shown in a), contours of Von Mises stress separated by 4.5 MPa (right in the crystal
shown in a) and interface deflection under the conditions of i, = 1.6 cm, V = 6.45 mm/h, Ha = 1400, w. = 5 rpm. (a) o, = 15, (b) interface deflection for

several different w.

4. Conclusions

A global simulation code was applied to numerically
study the characteristics of flow, heat transfer and the ther-
mal stress in LEC growth of InP with an axial magnetic
field. The results indicate that:

1. The encapsulant thickness changes the conditions of the
radiation and convective heat transfer on the crystal sur-
face, this results in a dramatically change of the interface
shape, which is associated with the thermal stress. But,
relatively speaking, the effect of the encapsulant thick-
ness on the interface deflection is small.

2. With increasing the magnetic field strength, the flow in
both the melt and the encapsulant decreases, more heat
flow passes through the growing interface. As a conse-
quence, the interface shape changes from convex to con-
cave (to the melt). Higher thermal stress is observed in
the case of stronger magnetic field strength.

3. The influence of the pulling rate on the interface shape is
relatively larger. The maximum deflection of interface
reaches to 2.74 mm in the case of Vi = 12.9 mm/h. With
enhancing the pulling rate, the interface shape convents
from convex to concave, and the maximum Von Mises
stress increases rather remarkably.

4. The flow pattern may be influenced by the rotation rate
of the crystal. Multi-cell flow pattern may appear in the
melt with large crystal rotation rate. However, totally
speaking, the effect of the crystal and the crucible rota-
tion on the flow and heat transfer as well as the thermal
stress is not so obvious, except the maximum velocity in
the melt.

Gas convection is important mechanism for heat trans-
fer to the grown crystal [4], it is therefore important to
conduct a more efficient numerical simulation involving
calculating three-dimension turbulent flow in the melt

and in the gas phase for a more realistic ambient conditions
in the future.
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