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Abstract
A new model is proposed for Si crystallization from molten state, based on Monte Carlo (MC)
simulation. In this model, atoms move only on BCC lattice sites, and the energy of atom depends
on the numbers of the 1st and 2nd nearest neighbors and the bond angles. With using a parameter
set that includes the bond angles or 2nd nearest neighbors in addition to the st nearest neigbhors,
crystallization was observed with this model. The present model is qualitatively successful to represent

condensed phases.

1. INTRODUCTION

It is necessary to clarify theoretically the pro-
cess of Si single crystal growth from the melt in
detail by numerical simulation because of highly
advanced engineering requirement for Si devices
from industries. A number of experiments and
numerical simulations have been studied on crys-
tallization, but there are only limited knowledge
on them. However, there may be a relationship
between the bulk defects and the unstable solid-
ification process at the solid-liquid interface, it
is difficult to observe dynamics of interfaces by
experiments, and it is necessary to study them
with simulations.

Several studied on melt and crystalline Si by
Molecular Dynamics (MD) simulations with em-
pirical interatomic potentials!!l—[5l and Car-
Parrinello method!® have already been reported.
These studies are limited in time and it is neces-
sary to simulate the phenomena for a large time
scale by Monte Carlo (MC) in condensed phase.

In this paper, a new model based on MC sim-
ulation on a BCC lattice which explicitly takes
many-body interactions into account is proposed
to describe dynamically this important process.

2. BCC LATTICE MODEL

The present model is based on the idea that
each atom moves only on the BCC lattice sites :
2x2x2 BCC cells are shown in Fig.1. Figurel(a)
is the case where the atoms occupy these sites in
order, and solid state having a diamond structure
is realized. In contrast, Fig.1(b) shows a sample
of liquid state, where the atoms occupy BCC sites
randomly. In both cases the lattice occupation is
set to be 50 %.

All the tetrahedrons consisting of 5 Si atoms
centered at the body—center positions may be
shifted along the X—axis (or Y-axis) by one BCC
cell, or may be rotated 90° at each center around
one of the Cartesian coordinates. Therefore, there
are 4 equally stable diamond structures of Si crys-
tal on the model lattice (Figs. 2 (a)-(d)).

Here MC simulations are carried out using the
Metropolis method(”! with the 3-dimensional pe-
riodic boundary conditions. We start from ran-
dom initial site occupations for which the tem-
perature is fixed to be slightly lower than the
melting point. The same model is also applied to
examine the melting of a single crystal with slow
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Fig.1. Schematic diagrams
of the BCC lattice model.

Fig.2.(a)~(d) Typical diagrams of the 4 equally
stable diamond structures of Si crystal.
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heating. The size of the system in this study
varies from 8x8x8 diamond lattice sites (4,096
atoms) to 16x16x16 (32,768 atoms).

3. ENERGY PARAMETER SET

The energy of each atom is assumed to be de-
termined by the numbers of the 1st nearest neigh-
bors(0 ~ 8) and the 2nd nearest neighbors(0 ~
6), and the bond angle between two nearest atoms
(70°,109° and 180°). The energy of the vacant
lattice site is fixed to be 0.

3.1 Tetrahedron model

We first assumed that the energy of the atoms
which construct the tetrahedral structure is lower
than that of the other atoms and simply ignored
the energy dependence on the 2nd nearest neigh-
bors. In this case, 10,000 MC steps are necessary
at least to get large single Si crystal which con-
sumes atoms over 70 % of the system.

3.2 1st nearest neighbors only model
Next we simulated the crystallization process

‘with the parameter set which takes account of

the number of the 1st nearest neighbors. In this
case, several structures have the most stable en-
ergy other than the diamond structures(Figs.3
(a)~(c) show those structures). It was impossi-
ble to obtain large crystalline Si by this model.

3.3 1st nearest neighbors and bond angles
model

Lastly a parameter set that includes the bond
angles in addition to the 1st nearest neighbors is
applied.

One of the most satisfactory energy parameter
sets obtained so far by the genetic algorithm!® is
shown in Fig.4(a) for the 1st nearest neighbors
and Fig.4(b) for the bond angles.

This is the choice upon which all results re-
ported in the remainder of this paper are based.



4. RESULTS AND DISCUSSION

4.1. Si crystal growth from melt

Figure5(a) shows an initial condition of simu-
lation. The system is shown from the direction
of < 110 >. This is a 50% filling random distri-
bution of atoms on the BCC lattice. After 5,000
MC steps, we finally obtained a solid Si structure

shown in Fig.5(b).

#®

'a@
s e

Fig.3.(a)~(c) Typical three diagrams of
structures which have the most stable energy.
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80 (a) Initial distribution of atoms on the BCC
lattice.
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(a) Assumed relation between the number of
the 1st nearest neighbors and energy.

(b) Distribution of atoms after 5,000 MC steps.

- 0| » ° Fig.5 A sample of results of the present
g’ simulation.
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Figure6 shows a sample of the results of the
80 120 160 present simulation on the process of Si crystal

growth. The number, N = N, + Ny + N, 4+ Ny,
bond angle

represents the total number of atoms construct-
ing the 4 different Si crystals. Since the temper-
ature of the system is kept constant, there are
many nuclei in the system. In the early stage of

(b) Assumed relation between
bond angle and energy.
Fig.4. Relation between structure and energy.
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simulation, many of them construct crystals with
different orientations. Therefore, small crystals
compete each other, yielding poly-crystals. How-
ever, for the large MC steps, crystal with one
direction has precedently grown in this case.

In principle, the present model is able to de-
seribe the critical radius of the crystal, and the
calculated parameter is expected to explain the
effect of the interface energy.

4.2. Change of coordination number with
temperature

Si is a 4 fold coordinated atom in the solid—
state, while the liquid state includes 6 or more
fold coordinated atoms for the stable coordination(®l.
The coordination is defined by the number of the
1st and 2nd nearest neighbors. Figure7 shows a
typical sample of time evolution of the coordina-
tion number with temperature. The simulation
started from a single crystal with slow heating.
It is confirmed that the 4 fold coordinated atoms
mainly exist up to a temperature which is some-
what higher than the melting point. Higher—
coordinated atoms appear as temperature rises.
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Fig.6. Number of atoms which construct tetra-
hedron as a function of MC step (N,—N,:Number
of atoms grew in the 4 directions of Si).

‘This model seems to be qualitatively successful
to represent condensed phases. To realize a large
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single crystal growth by simulation, the temper-
ature gradient must be taken into account in the
future.
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Fig.7. Time evolution of the coordination
numbers with increasing temperature.
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