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Abstract—This paper examines the influence of uniform rotation of the crucible—melt—crystal system in a
flat-bottom Bridgman geometry on the columnar silicon structure formed by a flat solidification front. We
analyze the key features of heat exchange via natural convection using numerical simulation of experimental
conditions of the growth of multicrystalline silicon from high-purity metallurgical-grade silicon.
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INTRODUCTION

Fundamental issues in alternative power genera-
tion technologies include the development of physical
principles of the energy-efficient preparation of solar-
grade silicon from metallurgical-grade silicon pro-
duced by the carbothermic process [1]. The basic
material for solar power conversion technologies is
multicrystalline silicon. An important issue in the
growth of this material is the interrelationship between
the particular character of heat and mass transport and
the forming columnar structure. FCC crystals are
known to contain general and special boundaries [2].
The general boundaries form well-seen parent grains
that have a nearly polyhedral shape when observed in
a cross section parallel to the solidification front. The
parent grains contain special boundaries due to twin-
ning on the {111} planes. This configuration requires
less energy than the formation of general boundaries,
and the corresponding microstructure of silicon has a
negligible effect on carrier transport [3].

THEORETICAL ANALYSIS

The starting material for the growth of silicon
ingots with a columnar structure was 99.76 at % pure,
which was ensured by the quality of reductants and sil-
ica in the carbothermic process [4]. Silicon solidifica-
tion was accompanied by the rejection of the impuri-
ties indicated in the table to the melt.

During crystal growth, constitutional supercooling
develops at the instant when the temperature gradient
in the boundary layer becomes lower than that along
the tangent to the liquidus line. Therefore, the mini-
mum ratio of the temperature gradient to the crystal

growth rate necessary for creating a stably smooth
interface is given by
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where k is the equilibrium impurity distribution coef-
ficient, D is the impurity diffusion coefficient in the
melt, Vis the crystal growth rate, 07/0z is the temper-
ature gradient in the boundary layer along the normal

Impurity concentrations in the starting silicon, slope of the
liquidus line, and decrease in liquidus temperature

Element | Cy, ppmw ?g;;f nCl%v’ AT= COETL/ oCL
B 12 9.1x 1074 0.0109
P 30 3.1x 107 0.0093
Al 175 5.1x10™* 0.0892
Cu 8 1.9 x 1074 0.0015
Mg 11 7.4x1074 0.0081
Ca 27 54x107* 0.0146
Fe 850 2.4 %10~ 0.2040
\Y 60 2.8x 1074 0.0128
Co 70 24x1074 0.0168
Ti 70 2.0x 1074 0.0140
Mn 35 3.1x 107 0.0108
Ni 37 2.8x 1074 0.0104
Cr 3 2.1x10™* 0.0006
Zr 30 1.7x 1074 0.0051
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Fig. 1. Schematic representation of the two-dimensional
simulation region (r is the radial coordinate and 4 is the
height): Q,, graphite crucible; €,, liquid silicon (L); €3,
solid silicon (S); €4, vacuum layer; boundaries of the
region: (/) crucible rotation axis, (2) outer bottom of the
crucible, (3) outer lateral wall of the crucible, (4) surface of
the lid of the crucible.

to the interface (7'is the absolute temperature and z is
a coordinate), 07;/0C, is the slope of the liquidus line
in the phase diagram (77} is the liquidus temperature
and C; is the corresponding impurity concentration),
and C, is the impurity concentration in the melt
beyond the boundary layer [5]. Assuming that the
influence of each impurity on the liquidus tempera-
ture is linear and independent of the other impurities
and that their mutual influence on diffusion processes
can be neglected, we find that, for a multicomponent
composition, the right-hand side of Eq. (1) is the sum
over individual impurities.

EXPERIMENTAL

In the Bridgman growth of multicrystalline silicon,
a 2-mm-thick glassy carbon crucible tightly embedded
in a 8-mm-thick graphite support was held at constant
temperature in the top zone of a resistive heater during
silicon melting and melt homogenization. Next, the
crucible was slowly lowered into the gradient zone.
This led to melt cooling from below. As a result, the
geometric selection of nuclei occurred on the flat bot-
tom of the crucible at some instant in time, followed by
the formation of a columnar structure.

The composition of the starting metallurgical-
grade silicon corresponds to an overall decrease in lig-
uidus temperature by 0.4 K for all of the elements
present. During growth, this parameter will increase
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with an increase in the fraction of melt solidified. We
carried out preliminary laboratory experiments aimed
at finding the maximum permissible travel rate of the
crucible—melt—crystal system in a given temperature
gradient that will ensure stability of the crystal—melt
interface using Eq. (1) as a criterion [6]. Depending on
the temperature gradient, the crucible lowering rate
was either 5 (gradient of 5 K/cm) or 15 mm/h (gradi-
ent of 15 K/cm).

The macrostructure of the ingot was examined
visually after lapping the surface of a longitudinal sec-
tion with 28-um corundum micropowder, followed by
etching in a KOH solution (10%).

In numerical simulation of the hydrodynamics and
associated heat exchange under experimentally deter-
mined growth conditions, a working crucible in the
shape of a truncated cone was represented by an
MPG-6 graphite cylinder with a 10-mm-thick wall
and bottom, containing the same volume of the melt.
Calculation for the region represented in Fig. 1 was
based on solving the Navier—Stokes energy and conti-
nuity equations with the temperature, current, cir-
cumferential speed, and vortex as variables, in combi-
nation with boundary conditions. The thermophysical
properties of the materials were taken constant at the
average temperature. The difference in density
between solid and liquid silicon was neglected. To
solve equations for natural convection and the heat
equation, we used the finite element method. In Fig. 1,
solid and liquid phases with different thermophysical
properties are separated by the silicon melting iso-
therm in the approximation of normal growth of an
atomically rough surface [7].

RESULTS AND DISCUSSION

The impurity distribution over a silicon-based
ingot 0f 99.76 at % purity depends significantly on the
solidification rate. At a ratio of the temperature gradi-
ent to the crucible translation rate below a critical level
(3.6 x 10% K s/m?), interface breakdown occurs, lead-
ing to the formation of cellular/dendritic structures as
a result of constitutional supercooling [6]. Because of
this, the ingot section surface was chemically etched in
order to determine the position of the solidification
front at the instant when external heating was switched
off (Fig. 2). Because of the high heat capacity of the
melt, this procedure is inappropriate in the case of
n-type silicon because columnar growth then continues
in the central part of the crucible and begins from the
lateral wall (Fig. 2b). Microstructural analysis showed
that the rate of crucible rotation, used to level off the
external thermal field, influenced the columnar struc-
ture of the ingots (Fig. 3), without distorting the planar
shape of the solidification front (Figs. 2a, 3b).
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Fig. 2. Boundaries of the columnar growth and rapid freezing regions in ingots grown from (a) 99.76 at % pure silicon with cru-
cible rotation at 6 rpm and (b) from 99.99999 at % pure silicon without crucible rotation.

Figure 3 demonstrates that the size of the parent
grains with accompanying plane-parallel twinning
increases as the crucible rotation rate decreases from 1
to 0.1 rpm. To assess the effect of uniform crucible
rotation on the associated heat exchange in the cruci-
ble—melt—crystal system, we constructed temperature
fields at one-quarter and half of the melt solidified
(Fig. 4).

Since the thermal conductivity of the crucible
exceeds that of molten silicon, the heat removal from
the melt through the crystal is accompanied by a
downward heat flow from the superheated, upper part
of the crucible through the lateral wall. The melt
superheating regions near the crucible lead to a torus-
like flow, with an ascending flow near the lateral wall
and a descending flow in the central part [7]. At cruci-
ble rotation rates in the range 0—1 rpm, the amplitude
of the convective flow varies insignificantly, but its
structure experiences marked changes. Because of the
viscous friction, the descending flow creates one or
several recirculation zones near the crucible axis, with
a lower flow speed. Owing to the high thermal conduc-
tivity of the melt, the weak flow near the axis cannot
influence the temperature field and cannot prevent the
directional melt cooling through the crystal. Because
of this, the isotherms become again convex near the
axis. Without crucible rotation, the isotherms near the
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axis are concave because the descending convective
flow prevents growth in the central part.

As a result of the described processes, increasing
the crucible rotation rate from 0 to 1 rpm reduces the
solidification temperature near the axis. At the point
where the rotation axis of the system intersects the
dashed line representing the real solidification front,
the decrease in solidification temperature is about 1 K
at one-quarter of the melt solidified and more than
3 K at half of the silicon solidified. These values are
comparable to the initial supercooling (~4 K) dur-
ing layer-by-layer growth of the {111} faces, which
have the lowest surface energy in silicon [8].

The associated heat exchange model characterizes
normal growth in which any supercooling at the inter-
face is a driving force of the kinetic process (V'~ AT). In
effect, there are the following components of the total
supercooling: ATy, a correction related to the excess
surface energy; AT, constitutional supercooling; and
AT;, a correction related to latent heat removal. The
removal of the heat of crystallization into the solid
phase was taken into account by introducing an effec-
tive heat capacity into the heat equation [7]. At one-
quarter and half of the melt solidified, A7-= 0.5 K
and AT = 0.8 K, respectively. At the same time, the
AT correction can be left out of consideration,
because Eq. (1) can be reached in experiments.
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Fig. 3. Twinning in the structure of longitudinal sections of the ingots grown with crucible rotation: (a) 1 rpm, (b) 0.65 rpm (the
boundary between the columnar and dendritic structures on the section indicates the shape of the solidification front), (c) 0.5 rpm,
(d) 0.1 rpm.
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Fig. 4. Temperature fields in the crucible—melt—crystal system at one-quarter and half of the melt solidified: (a, b) without rota-
tion, (c, d) crucible rotation at 1 rpm. The numbers in the ellipses indicate the temperature difference between the outer crucible

wall and the crucible rotation axis at a given height.

Because of this, the forming macrostructure depends
on how the surface energy of the growing crystal is
minimized. In particular, the interface may be formed
by the {111} planes in the form of reentrant angles, on
which parallel twins may appear [8, 9]. In such a case,
supercooling depends on the crystallographic orienta-
tion of the parent grains and reaches 70—80% of the
initial one for the {111} value at a given growth rate
[10]. The decrease in the temperature of the growing
surface in the central part with increasing crucible
rotation rate is due to the excess surface energy,
which goes into the formation of general grain
boundaries.
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CONCLUSIONS

We have studied the macrostructure of multicrys-
talline silicon and analyzed silicon growth conditions
on a flat solidification front under natural convection
conditions. One way of influencing natural convection
is by rotating the crucible and melt. In the case of cru-
cible rotation, its angular speed is determined by the
necessity of axisymmetric multicrystalline silicon
growth in a nonuniform temperature field, which
takes place almost always under real conditions. The
bending of the isotherms in the axial region of the
melt—crystal interface is caused by the partial suppres-
sion of natural convection. For the formation of large
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parent grains (~1 cm in size), accompanied by plane-
parallel twinning, columnar silicon growth is neces-
sary, with planar isotherms near the phase transition.
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