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Fig. 1. Model (a) and boundary conditions (b) of silicon single crystal in Czochralski method.
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Fig. 4. Configuration of two-dimensional melting in square cavity (temperature distribution and streamlines): (a) Fo = 4.0;

(b) Fo =10.0; (¢) Fo=20.0; (d) Fo = 30.0.
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Fig. 6. Temperature distribution (left) and streamlines (right) of crystal and melt under different Wi,11 values: (a) Wy = 0;

(b) Wi = 0.0001; (¢) Wiy = 0.0002; (d) Wy = 0.0003.
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Fig. 12. Temperature distribution (left) and streamlines (right) of crystal and melt in different Re. numbers:

(a) Rec =100; (b) Rec = 200; (c) Rec = 300; (d) Rec = 400.
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Abstract

A two-dimensional axisymmetric immersed boundary thermal lattice Boltzmann (IB-TLB) model is presented to
study the phase transition in Czochralski silicon crystal growth for improving the morphology of the melt-crystal interface
and the crystal quality. Specifically, the Euler grid and the Lagrange grid are established, respectively. The melt-crystal
interface is considered as an immersed boundary, and it is described by a series of Lagrange nodes. In this paper, the
melt-crystal interface is tracked by the immersed boundary method, and the melt flow and heat transfer are simulated by
the lattice Boltzmann method. The D2Q9 model is adopted to solve the axial velocity, radial velocity, swirling velocity
and temperature of the melt. The finite difference method is used to solve the temperature distribution of the crystal.
Then the solid-liquid transition in crystal growth with moving boundary is solved by the proposed IB-TLB model. The
proposed model is validated by the solid-liquid phase transition benchmark. In addition, the flatness of the melt-crystal
interface is evaluated by the mean value of the absolute value of the interface deviation and the standard deviation of the
interface deviation. The effects of the process parameters on the morphology of melt-crystal interface, melt flow structure
and temperature distribution are analyzed. The results show that the morphology of the melt-crystal interface is relevant
to the interaction of the crystal pulling rate, the crystal rotation parameter, and the crucible rotation parameter. When
the crystal and crucible rotate together, the deviation and fluctuation of the melt-crystal interface can be effectively
adjusted, whether they rotate in the same direction or rotate in the opposite directions. And a flat melt-crystal interface
can be obtained by appropriately configurating the ratio of crystal rotation parameter to crucible rotation parameter.
Finally, according to a series of computations, it is found that when the crucible and crystal rotate in the opposite
directions, the crystal rotation parameter and the crucible rotation parameter satisfy a functional relation, with a flat
interface maintained. The obtained relationship has a certain reference for adjusting and improving the crystal growth

parameters in practice.

Keywords: crystal growth, solid-liquid phase change, immersed boundary method, lattice Boltzmann
method
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