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Abstract

Numerical simulation of flow and heat transfer for a 3 in. (0.075 m) diameter liquid encapsulant full float zone
(LEFZ) growth of single-crystal GaAs was conducted using the finite-element method. Convective and conductive heat
transfers, radiative heat transfer between diffuse surfaces and the Navier-Stokes equations for both melt and en-
capsulant as well as the interface position are all combined and solved simultaneously. The effect of the thickness of
encapsulant, rotation rate of crystal and feed rod on the flow and heat transfer as well as on the growing and melting

interface shape were investigated.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Liquid encapsulation float zone technique is a highly
promising method for the growth of volatile materials
such as gallium arsenide. By using liquid encapsulate the
evaporation of the compounds can be prevented and
Marangoni convection in the melt of growing material
placed in low-gravity environment can be suppressed [1].
It was noted that the quality of the grown crystal is re-
lated to the thermal circumstance which somehow de-
pends on the furnace geometry and the operation
conditions, such as the thickness of encapsulant, crystal
and feed rod rotation rate (or crucible rotation rate for
LEC method) and so on.

Some numerical simulations for liquid encapsulant
Czochralski growth of GaAs have been performed to
illustrate the characteristics of the momentum and heat
transfer. A prediction of the thermal field and the
location of the growing interface was obtained by a
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global numerical simulation based on a conduction-
dominated model [2,3]. Thomas et al. extended the
dynamic thermal-capillary model to simulate a low-
pressure, liquid-encapsulant Czochralski system for the
growth of GaAs [4]. The predicted crystal shape is in
semiquantitative agreement with the experiment. The
influence of the argon gas pressure on the heater power,
convex curvature of the growing interface and the
maximum thermal stress was studied by both laminar
and turbulent models for the gas flow [5]. The effect of
rotation rate of the crystal and crucible on the fluid flow,
instability, heat transfer and interface shape was
emphasized [6-9]. Two immiscible horizontal liquid
layers: B,Oj(encapsulant) and GaAs(melt) were also
chosen to study numerically the flow characteristics of
thermocapillary convection [10]. Owing to the practical
application of the LEFZ method for the growth of
GaAs, Li et al. [11] investigated thermocapillary and
buoyancy flow in co-axial liquid bridges with interface
deformation. A GaAs single crystal of 20 mm diameter
and 20 mm length has also been successfully grown
under microgravity, high growth rate and dopant stria-
tions due to Marangoni convection were found [12].
From our knowledge, there is no research report for
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liquid encapsulant full float zone growth of gallium
arsenide up till now. The characteristics of the momen-
tum and heat transfer in such system differ from that in
Czochralski system or in two layer liquid system. Some
specific features may appear.

In the present paper, we extend our previous
numerical investigation of LEC growth of GaAs to a
liquid encapsulant full float zone growth including the
growing and melting interface calculation. The effects of
the thickness of encapsulant, crystal and feed rod rota-
tion rates on the flow and temperature field as well as the
growing and melting interface shape were discussed.

2. Model formulation
2.1. Physical model and basic assumptions

Schematic diagram adopted in the present analyses is
shown in Fig. 1. Gallium arsenide melt with 7.5 cm
diameter and 7.5 cm height is encapsulated by boron
oxide with thickness of b.. The crystal and feed rod
rotate in the opposite direction with o, and wy, respec-
tively. The heater and ambient temperature of each
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Fig. 1. Schematic diagram of a liquid encapsulated floating
zone growth of GaAs.

segment are given. The width of the heater is 1 cm, and
the widths of those segments for specified ambient
temperature Ty, Ty, Tu3, Tag, Tas, Tus are 6, 8.25, 2.5, 2.5,
8.25 and 6 cm, respectively. To simplify the problem, the
following assumptions were introduced: (1) The system
is in a pseudo-steady state and is axisymmetric. (2) The
flow is laminar and both the GaAs melt and the boron
oxide encapsulant are incompressible. (3) The melt/en-
capsulant interface is non-deformable. (4) Thermo-
physical properties of the melt are assumed to be
constant except for the temperature dependencies of
surface tension and the dynamic viscosity g of boron
oxide. (5) Crystal and the feed rod have the same ther-
mophysical properties. (6) No subcooling exists at the
growing interface and melting interfaces, i.e. the inter-
face shapes coincide with the melting temperature iso-
therms. (7) Gravity is absent.

2.2. Mathematical model

2.2.1. Governing equations
Under the above assumptions, the governing equa-
tions for flow and temperature field are given as follows.
In the melt and encapsulant:

V-vi =0, (1)
PiVi - VVi = —Vpi -V Ti, (2)
PiCpiVi * VTI = Alv . VT; (3)

In the crystal:
pscpsvie. - VT, = AV - (V). 4)

In the feed rod:
prprfez : VT; = )fV . (VTf) (5)

In other solid materials:
V- (V) =0, (6)

where T, v, p, and t are the temperature, velocity vector,
pressure and stress tensor, respectively. Symbol p stands
for the density, 4 the thermal conductivity, ¢, the specific
heat, V; the crystal pulling rate and J; the feed rod
pulling rate, respectively. Subscripts 1, s, f and j indicate
GaAs melt (i=1), B,O; encapsulant (i=e), crystal, feed
rod and other materials, respectively. Vector e, is a unit
vector parallel to z-axis.

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

—Am- VT = —Jn- VT, + graa1- (7a)
At the growing (melt/crystal) interface:

- NT = jn - VT, = pV;AHn - e, (7b)

T =T =T (7c)



M. Li et al. | International Journal of Heat and Mass Transfer 47 (2004) 2941-2947 2943

At the melting (melt/feed rod) interface:

m-VT — im-VT; = —p; V;AHen - e, (7d)

L =T = Tn. (7e)
At the encapsulated crystal side wall:

—2sn-VTy = =)en- VT, + Grags. (71)
At the encapsulated feed rod side wall:

—im - VT; = —Jen - VT, + qraas. (7g)
At the encapsulated quartz sleeve surface:

—2sn-VTy = =20 - VT, + ¢raaq.- (7h)
At the exposed crystal side wall and top:

—2s - VI = Graqs.- (71)
At other exposed surfaces:

—n - VT = graqj- (7)
In these equations, gr,q; is the net radiative heat flux

per unit area on the surfaces and AH; (i=s, f) is the

latent heat of fusion, n the unit normal vector of the
interface element and ¢ the emissivity.

2.2.3. Boundary conditions for the flow field
At the growing and the encapsulant/crystal interface:

ui:DiZO, Wi = rg (iZIOI‘ f) (83.*0)

At the melting and encapsulant/feed interface:

uy=v,=0, wi=roy (i=1orf). (8d-f)
At the encapsulant/quartz sleeve surface:

U = Ve = We = 0. (8g-1)
At the melt/encapsulant interface:

n-vy=0, n-v.=0, (8j-k)

Tt — 1. :nt =y VT - e, (81)

t-vy—t-v.=0, (8m)

T :ney — T, : ney = V7T - e, (8n)

€ -Vi—ep-V.=0. (80)
At the axis:

w=w =0, (8p,q)

where u, v, and w are the radial, axial and the azimuthal
components of velocity, ws, and w; are the angular
rotation rates of the crystal and feed rod, respectively.
Symbol y; denotes the temperature coefficient of inter-
face tension, and t and e are the unit tangential and
azimuthal vectors of each interface element, respectively.

Numerical procedure used here including the calcu-
lation of net radiative heat flux g.q; and the determi-

nation of the growing and melting interface shape are
identical to our previous paper [13,14]. The related
physical parameter and the treatment of the heat
transfer in the semi-transparent boric oxide layer can be
found in Ref. [14]. In the present calculation the total
number of elements, nodal points and unknowns is
5662, 5856 and 19226, respectively. The sizes of the
minimum elements in the melt are Arg, = 0.831 mm,
Azpin = 0.93 mm. No obvious change in accuracy is
found for the further fine mesh.

3. Results and discussion

In the calculation, the pulling rates were maintained
at around 5 mm/h within 1% for all cases by adjusting
the heater and/or ambient temperature.

3.1. Effect of encapsulant thickness

In the absence of the crystal and feed rod rotation,
the effect of the encapsulant thickness b. on the flow
and heat transfer is shown in Fig. 2(a)—(c). The flow in
melt is characterized by two toroidal vortices, one is
located in the upper half zone, whereas the other in the
lower half zone. When b, = 0.2 c¢cm, the convection in
the melt is very weak so that the heat transfer is con-
duction-dominated. The maximum temperature differ-
ence in the melt is quite large, DT =108 K, compared
with DT =67 K and DT =46 K for the other two cases
of b = 1.0 cm and b, = 1.8 cm as shown in Table 1. It
can also be found from Fig. 3 that the temperature
gradient along the growing interface is quite large. This
large temperature gradient results in a large heat flux
across the interface, i.e., Qs = 192 W (see Table 1). As
a consequence, a concave (concave to the crystal)
growing interface shape formed. In this case, high
heater temperature of 7j, = 2427 K is needed. It is
noticed that the value of Qs in the case of b, = 1.8 cm
is smaller than that in the case of b, = 1.0 cm even
though the heater temperature is slightly higher for
b. = 1.8 cm as depicted in Table 1. This is because that
the flow in the B,0; encapsulant is stronger and the
area of the two sidewalls of the quartz sleeve is larger
when b, = 1.8 cm, more heat is rejected to the sur-
rounding from the quartz sleeve, so the heat flow
across the growing interface becomes less and a more
convex (convex to melt) interface shape is observed.
This is agree qualitatively with numerical results of
Thomas [4] and Croll [12]. The melting interface exhibit
similar feature as the growing interface, a concave
(concave to the feed rod) melting interface will change
into convex with increasing the encapsulant thickness,
but the value of maximum deflection of the melting
interface is not equal to that of growing interface (see
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Fig. 2. Effect of encapsulant’s thickness (b.) on the flow and temperature distributions. The crystal and feed rod are motionless.
Isotherms (left) at every AT = 30 K, and contours of stream function (right) at every A¢, = 4.0 x 1078 m3/s, Ap, = 4.0 x 10~% m%/s. (a)
b. = 0.2 cm, (b) b = 1.0 cm, (c) b, = 1.8 cm.

Table 1
Heater temperature and ambient temperature distribution and some representative parameters of the simulation results under different
operating conditions

Th Tal TaZ Ta3 Ta4 TaS Taé Qs DT Dmaxs Dmaxf
K) (K) (K) (K) K) (K) (K) W)  (K) (mm) (mm)
Case I: b, (cm) 0.2 2427 1305 1382 1458 1428 1353 1278 192 108 -3.8 -1.5
(w5 = wr = 0 rpm)
1.0 2369 1301 1378 1454 1420 1345 1270 161 67 33 6.2
1.8 2378 1302 1379 1456 1418 1343 1269 139 46 6.05 9.56
Case 1I: o (rpm) 1 2380 1313 1390 1468 1399 1326 1252 183 77 -0.57 -3.13
(be = 1.0 cm,
wr = 3 rpm)
3 2378 1302 1379 1456 1415 1341 1266 184 80 —-6.45 -4.33
5 2380 1299 1375 1451 1417 1342 1268 193 79 -8.5 -3.5
Case III: w¢ (rpm) 1 2381 1287 1363 1438 1427 1352 1277 175 77 -6.03 2.33
(be = 1.0 cm,
ws = 3 rpm)
5 2378 1304 1380 1457 1413 1338 1264 185 79 -5.84 -5.43

O;: total heat flow across the growing interface.

DT: maximum temperature difference in the melt. DT = T, — Th, here Tp. stands for the maximum temperature in the melt.
Dpaxs: maximum deflection of the growing interface. The symbol minus “—* means that the interface is concave (to the crystal).
Dinaxr: maximum deflection of the melting interface. The symbol minus means that the interface is concave (to the feed rod).

w_ 2

Fig. 2(b) and (c) and also see Table 1). From the 3.2. Effect of crystal and feed rod rotation
analysis above, it is clear that not only the melt con-

vection itself, but also the flow of the B,O; encapsulant Crystal and feed rod rotation has a considerable effect
and the geometry configuration of the encapsulant on the flow pattern and heat transfer as shown in Figs.
have a significant impact on the heat transfer and the 4(a)—(c) and 5(a) and (b). The forced convection cells

growing and melting interface shapes to a great extent. driven by crystal and feed rod rotation become dominate
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Temperature gradient

Fig. 3. Temperature gradient along the growing interface under
different thickness b, (w5 = 0 rpm, @ = 0 rpm).

and occupy the main region of the melt. The flow pattern
in the melt depends upon the crystal and feed rod rota-
tion rate and their ratio. When the crystal and feed rod
rotation rate is matchable, i.e. the absolute value of the
ratio wg/wy is approximately equal to unity, four-cell
type flow in the melt appears as shown in Fig. 4(b), where
two forced convection cells and two thermocapillary
convection cells co-exist, which are confined to their
respective half-zone. The thermocapillary convection
cells are extruded to a narrow region in the vicinity of the
melt/encapsulant interface. When the absolute value of
the ratio ws/wy is apart from unity to some degree, the
forced convection cells may penetrate the whole float-
zone and merge one of the thermocapillary convection
cell to form a combined bigger one see Figs. 4(a) and (c)
and 5(a) and (b). The remaining thermocapillary con-
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Fig. 5. Effect of feed rod rotation rate (w¢) on the flow and
temperature distributions. w; = 3 rpm, b, = 1.0 cm. Isotherms
(left) at every AT =30 K, and contours of stream function
(right) at every A¢, = 4.0 x 1078 m3/s, Ag, = 4.0 x 1078 m?/s.
(a) wf =1 rpm, (b) w¢ = 3 rpm.

vection cell will never disappear, although it is restricted
to the very narrow region adjacent to the melt/encapsu-
lant interface.
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Fig. 4. Effect of crystal rotation rate (ws) on the flow and temperature distributions. w; = 3 rpm, b, = 1.0 cm. Isotherms (left) at every
AT = 30 K, and contours of stream function (right) at every A¢;, = 4.0 x 1078 m3/s, A, = 4.0 x 10~ m%/s. (a) w; = 1 rpm, (b) w5 =3

rpm, (c) ws =5 rpm.
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Fig. 6. Temperature gradient along the growing interface under
different crystal and feed rod rotation rate (b, = 1.0 cm).

By a detail comparison and analysis of the flow and
temperature field for the three different crystal rotation
rates given by Fig. 4(a)—(c) one can find that the growing
interface shape depends on the flow pattern to a great
extent. For the small crystal rotation rate of w; = 1 rpm,
the fluid heated by the melt/encapsulate interface is
carried to the periphery above the growing interface by
the combined cell, the center and medium region (for a
half section the dimensionless radius r is approximately
in the range of 0-0.3 and 0.3-0.7, respectively) almost
not be influenced by the melt convection, therefore the
temperature gradient in the edge is larger in order to
take away more heat to the surrounding (see Fig. 6).
This heat transport feature causes the growing interface
more flat. On the contrary, for the higher crystal rota-
tion rate (ws = 5 rpm, see Fig. 4(c)), the crystal rotation
driving flow cell combined with the upper thermocapil-
lary convection cell enhances the convective heat trans-
fer in the medium region above the growing interface so
that the temperature gradient in that region is higher
than that in the center and edge region, as exhibited in
Fig. 6. In this situation the growing interface shape be-
comes more concave (to the crystal) [4]. The melting
interface does not change so much with the increase of
crystal rotation rate. On the other hand, from the
maximum deflection of the interface given in Table 1,
the influence of feed rod rotation rate on the melting
interface shape is significant, but on the growing inter-
face is negligible. The data in Table 1 also show that the
heater and ambient temperature needed to be adjusted
(or optimized) for a specific growth condition (i.e. for a
given pulling speed, furnace configuration and rotation
rate of crystal and feed rod) as indicated in Ref. [15].

4. Conclusions

Taking the growing and melting interface shape into
account, the characteristics of flow and heat transfer in
LEFZ growth of CaAs was studied numerically for the
first time by using a full float zone simulation code. The
results indicate that:

. Li et al. | International Journal of Heat and Mass Transfer 47 (2004) 2941-2947

1. The heat transfer and the interface shape are associ-
ated with not only the melt convection, but also the
flow of encapsulant and its geometry configuration.
When increase the thickness of the encapsulant, the
interface shape will become more convex.

2. Crystal and feed rod rotation rate has a remarkable

effect on the flow pattern and heat transfer. Complex
multi-cell flow pattern may appear in the melt when
introducing the rotation, which gives a significant
influence on the interface shape. When increasing
the crystal rotation rate from 1 to 5 rpm, the growing
interface shape will change from slight concave (al-
most flat) to notable concave, whereas the melting
interface does not change so much. On the contrary
the feed rod rotation rate have a remarkable impact
on melting interface shape, but the growing interface
remains almost a constant deflection even though the
feed rot rotation rate change from 1 rpm to 5 rpm for
a fixed crystal rotation rate of 3 rpm.

3. Different from the traditional LEC growth, the full

float zone modeling and simulation involves not
only the determination of growing interface but also
the determination of melting interface. For a given
thickness of encapsulant and crystal and feed rot
rotation rate, the heater and ambient temperature
needed to be adjusted to suit for the specified
pull rate.

In principle, the melt/encapsulant interface is not flat
and non-deformable even though under microgravity
circumstance, the assumption of non-deformable should
be released in the further simulation.
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