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Abstract

We have devel oped atomic-scale material models capa-
ble of melting, crystallization and amorphization. These
models feature molecular dynamics governed by Langevin
equations of motion in which particle interact through at-
tractive covalent forces and short-range repulsion forces.
Also, we present an interactive virtual visualization tool for
the simulation of atomic scale material behavior. An appli-
cation of this research is to understand the processes that
can control the quality of a single-crystal S grown fromthe
melt.

1. Introduction

The quality of a single-crystal Si grown by Czochral-
ski method [1] from melted silicon (see Fig. 1) is sensitive
on the growth conditions such as crystal growth rates and
temperature gradients at the liquid/crystal interface. Pro-
duction of high quality crystal Si requires understanding of
the growth mechanism on the atomic level. One of the ex-
perimental techniques is transmission electron microscope
which gives direct images of atomic structures of crystals.
However, preparation of samples for electron microscopy
is a long process. In the approach described herein, the
molecular dynamics simulation for large-scale systems (up
to 10000 atoms) are used to model the crystal growth. Par-
ticles are objects that have mass, position, velocity, and re-
spond to forces, they are easy objects to simulate. Despite
their simplicity, they can be madeto exhibit awide range of
interesting behavior. For example, the movement of atoms
in materials can be simulated by particles with appropri-
ate potential functions defined in the small neighborhood of

each particle. The developed computer system enable us
modeling material behavior using the particle objects in an
interactive 3D environment. Such environment can be used
to facilitate the exploration of a structure in situations that
are difficult or expensive to reproduce experimentally.

We calculate the position of the atoms in the materia
during the process and display atomic images of the crystal
structure as afunction of time. In addition, several diagnos-
tic imaging techniques that aid the analysis of structure at
atomic level: radia distribution function g(r), bond angle
distribution function g(6), and static structure factors S(k),
were developed. This paper proposesthe approach for mod-
eling and visualization of large scale molecular models ap-
plied on the simulation of a single-crystal Si growth from
molten silicon.

1.1. Related Work

There has been extensive research on physicaly based
modeling and dynamic simulations for computer graphics.
The basics of mass-spring systems and particle system dy-
namics including some implementation hints are well de-
scribedin SIGGRAPH' 94 tutorial [2]. Different approaches
have been introduced to visually model the physical pro-
cesses. The physically based models capable of heat con-
duction, thermoelasticity, melting, and fluid-like behavior
in molten state were first described by Terzopoulos, et
al. [3]. Their model is very simplified and lack of precise
physical behavior on atomic level.

Greenspan [4] investigated various N-body systems as
discrete models of solid, liquid and gaseous media. Over
the years, much attention has been given in the physics
and chemistry literature to the development of discrete
liquid models involving aggregate molecular dynamics in



SOLID-LIQUID
INTERFACE
SILICON

RF COIL CRUCIBLE

GRAPHITE
SUSCEPTOR

OOOOOOO\

o
®)
o]
O
(¢]
O
O

Figure 1. Czochralski crystal puller.

which the molecules are subject to various interaction po-
tentials [5]. A basic technique is to model long-range at-
traction and short-range repulsion forces between pairs of
particles according to potentials of the Lennard-Jonestype,
which lead to forces involving inverse powers of parti-
cle separation distance [6]. Recently Ishimaru, et al. [7]
demonstrated that in addition to crystal silicon it is possible
to simulate the amorphous and liquid state of pure silicon
with this type of potentia by different heating and freezing
methods of melted silicon.

Small molecular models (up to 100 atoms) that may con-
tain multiple types of atoms, can be created with a com-
mercial quantum mechanics package called Gausian94 [8].
This package falls in to a group of ab initio methods when
very accurate molecular orbital calculations are carried out
for the entire structure with hydrogen termination. Unfor-
tunately, no such system is available for larger molecular
models.

Section 2 of this paper introduces the molecular dynamic
approach to the simulation of material behavior. Here the
equation of motion of a particle system and the total poten-
tial energy based on repulsive and attractive forces is de-
fined. Next the numerical implementation using finite dif-
ferences and stochastic forces is discussed. The modeling
and visualization of simulated processes within a time in-
terval is proposed in Section 3. Section 4 proposes the di-
agnostic techniques of simulated results consisting of mul-
tiple 2D graphs continually changing in time as the simula-
tion proceeds. The last section demonstrates the modeling
technique applied on the Czochral ski crystallization process

from molten silicon.

2. Molecular Dynamics

The mation of the particle i is governed by a pair of the
first-order ordinary differential equations (ODE)
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where in our model, the explicit systematic force F'; be-
tween the N particles was derived from the total potential
Eq. 2, stochastic force R; was introduced to mimic the mo-
tion of solvent molecules on the solute, and x ;, v;, m;, and
~; are the position, velocity, atomic mass and friction coef-
ficient, respectively. In general, the force F; may depend on
the position of all particles, denoted by {x(¢)}. Concern-
ing the nature of the stochastic force R; it is assumed to be
stationary, Markovian and Gaussian with zero mean and to
have no correlation with initial velocitiesv;(0) nor with the
systematic force F;(0). The pulling speed v, is assumed to
be constant in time.

2.1. Total Potential Energy

A basic technique is to model attractive covalent and
short-range repulsion forces between pairs of particles ac-
cording to total potentials. The total potential energy of a
system of N particles as proposed by Tersoff [6] is defined
as a sum of interatomic potentias:
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where f.(r;;) is acutoff function controlling the influence
of inter-atomic forces, written as

1 if ryj < Ryj
folrig) = {5+ g coslmgi=pi] if Rij <ryj < Sij
0 if rij > SZJ

The repulsive and attractive elements denoted by V' and
V4, respectively depend on particle pairs, whilethefunction
b;; includes particle triplesin it’s expression. We used the
Tersoff definitions

Va(rij) = Aijexp(=Xijrij),
Varij = Bijexp(—pijrij),
bij Xij (14 Bl =/,
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where r;; is internuclear distance between particles ¢ and
J, and 6;;;, is the bond angle between bonds ij and ik.
Following reference [9] the double indexed constants are
defined as Xi; = (Xi + Xj)/2, pij = (i + 15)/2,
Aij = (A44))'2, By = (BiBy)'/?, Rij = (R:R;)'/?,
and S;; = (S:S;)'/2. All other parameters are constants
reported by Tersoff [6] for silicon type of molecules, while
their suitability and limitations were delineated by Hali-
cionglu [9]. Even though, the Tersoff originally derived his
potential for a crystal silicon, Ishimaru et al. [7] showed
that the Tersoff empirical inter-atomic can be adapted for
simulation of liquid and amorphous silicon as well. Thus,
the potential shown in Eq. 2 is sufficient for our purpose
to model the crystal growth form aliquid silicon consisting
of three states of silicon. The assumption is made that no
impurities are present in the silicon.

2.2. Implementations

Numerical integrations of equation of motion, Eg. 2,
were performed under the constant volume within the cu-
bic domain with periodic boundary conditions on side faces
and areflection plane on bottom. At each time step the col-
lision between the particle and the reflection planeis calcu-
lated to prevent particle from escaping out of the volume.
To simulate the dynamics of our models we provide the ini-
tial position x (o), x(¢—1 ), and stochastic vector X _; (At),
systematic force F'(t_1) of particlei fori = 1,..., N. At
each subsequent time step ¢o, t1,...,tn, tn_1,..., Weeva-
uate the current velocities, current systematic force, current
stochastic vector, and new positions using the explicit Gun-
steren and Berendsed [ 10] stochastic approach. Theintegra-
tion method is of the third order and thereis not necessity to
assume that systematic force F; is constant during time in-
terval At, because the method includes higher order terms.

We use the units k.J mole™ (energy), v (atomic mass),
angstroms A (1071° m) (length), K (temperature), and
timeisinps units. Theintegrationtime step At and friction
coefficient v were usually set t0 0.002 ps and 5 ps ' in our
simulations.

3. Visualization

The data obtained from the molecular dynamic simula-
tion can be visualized and processed by the diagnostic tech-
niques. It is not possible at present to run the dynamic sim-
ulation in real time and to control the simulation and vi-
sualization parameters interactively. However, we can run

the molecular simulation for a given simulation parameters
on a parallel workstation and calculate results for severa
discrete time steps. Finally, the stored solutions can be dis-
played as a 3D model changing its shape in time while a set
of 2D diagnostic functions varying in time can help us to
understand the undergoing structural changes.

Each atom in the molecular structure is characterized by
five parameters: the atomic symbol, the van der Waals ra-
dius (aprobability measure of the location of €l ectrons), and
z, y, 2z cartesian coordinates in angstroms A . As usual,
atoms are represented as spheres, while bonds are drawn as
thin cylinders. We note that the number of atomsis constant
in time during our simulations. On the other hand, since
the presence of a bond between two atoms is determined
from automatically calculated threshold value, their appear-
ance and disappearance are discontinuousin time. Theview
point and the objectsin ascene are changing their positions,
while the light sources are considered to be stationary.
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Figure 2. Radial distribution function for a)
crystalline silicon and b) amorphous silicon.

4. Diagnostic Techniques

Taking just the direct view of the atomsas shownin Fig-
ure 4, it is difficult to determine where the structure is still
crystalline but with some disorder. To analyze the different
crystal structures in more detail, we plot atime varying ra-
dia distribution function g(r), bond angle distribution func-
tion g(#), and static structure factors S(k).

Theradial distribution g(r) givesthe probability of find-
ing a pair of atoms a distance r apart, relative to the proba-
bility expected for a completely random distribution at the
same density. It can be calculated by averaging the num-
ber of atoms a given distance away from each atom in the
sample. Theradial distribution function for acrystal differs
from that for an amorphous and liquid sample. Figure 2
shows the plot of g(r) for a crystalline and an amorphous
sample. The significant distinguishing feature is the ab-
sence of the third peak from Fig. 2ain the amorphous sam-
ple. To compare the simulation data with the available data



of neutron-diffraction measurements|[7], the static structure
factors S(k) defined by Fourier transformation of g(r) are
used. Inthe bond angle distribution function g(6), we count
the number of bond anglesfor agiven angle from each triple
of atomsin the sample, see Fig. 3.
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Figure 3. Bond distribution function for an
amorphous silicon.

5. Results

In the first example 9216 Si atoms were initially placed
on the diamond | attice sites within the volume 62 x 62 x 62
A 3, ie. the tetrahedral prism. The entire volume was im-
mersed in a heat bath with the fixed temperature distribu-
tion and pulled upwardsin z direction for the simulation of
crystal growth. In Fig. 4, the pulling speed and tempera-
ture gradient were set to 12 m/s and 15 K/ A, respectively.
The singly subscripted parameters such as A; from Eq. 2
were set for a silicon molecule asfollows: A = 1830.8eV/,
B = 471.18¢V, A = 24799 £ 7', 4 = 1.7322 £,
B = 11x10% n = 0.78734, ¢ = 1.0039 x 10°,
d = 16.217, h = —0.59825, R = 2.7 £, S = 3.0 4,
x = 1.

The second example, Figure 5, demonstrates the effect
of varying reference temperature. Initially, the cluster of
two oxygen atoms placed into aregular hexagonal lattice of
silicon atoms, Figures 5a, was heated at room and melting
temperature shown in Figures 5b and Figures 5c, respec-
tively. The high disorder observed at melting temperatureis
due to large stochastic forces applied to silicon atoms.

In the third example, Figure 6, we studied the oxygen
and silicon interactions. Here, two oxygen and 37 Si atoms
were used in quantum mechanics simulation package Gaus-
sian94, whilethe visualization and post-simul ation diagnos-
tics were done by proposed system. Figure 6 shows the se-
guence of images from dynamic visualization.

The proposed system implemented on HP9000/800
workstation gives the user choice of displaying all diagnos-
tic variables plotted against time. The program lets the user

orient his view arbitrarily in the 3D environment while ob-
serving the pre-cal culated molecular dynamics simulations.

6. Conclusion

Applying techniques from physics-based modeling and
molecular dynamics, we have illustrated an interactive vir-
tual visualization tool for the simulation of material behav-
ior at atomic level. Also, we have demonstrated the model-
ing technique of the crystallization process of liquid silicon
for large-scale systems. Implementation of multiple types
of atoms and their interactionsin large-scale systemsis un-
der the current investigation.
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