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Abstract Based on the Tersoff potential, we have investigated the effects of dislocations on the
crystal growth rate of Si (110) rough interface by a molecular dynamics simulation. The atomic

structures show that, the (110) interface morphology with a 90° dislocation keeps flatness similar

to that of dislocation-free. However, the interface with a 60° dislocation contains a type of “V”
groove, which is formed gradually around the outcrop of the dislocation. The results of the crystal
growth rate exhibit that the 60° dislocation prevents the crystal growth of Si, while the 90°
dislocation has a little influence on the crystal growth rate. The relationship between the dislocation
and the crystal growth rate should relate to the difference of interface morphologies.

Introduction

Crystalline silicon solar cells have been occupying the mainstream PV market. The Si crystal grows
commonly from melts by directional solidification method. During that grow process, dislocations
is nearly inevitable ['1. It will lower the photoelectric conversion efficiency. Researchers are devoted
to lower the density of dislocations [?1. The major techniques is to change the mode of crystal growth
and the size of crystal grains, such as mono-like cast silicon, and fine-grain silicon, i.e. high
efficiency multicrystalline siliconBl. The crystal growth rate is one key factor of these techniques.
Reasonable crystal growth rate could lower the density of dislocations; however, there are few
literatures reported how the dislocations to effect crystal growth rate of silicon on the rough
interface. According to general theory of crystal growth, dislocations may provide growth steps at
the smooth crystal-melt interface, and then affect the crystal growth rate. There should be some
connections between the dislocations and crystal growth rate of Si.

In this paper, molecular dynamics simulations of the crystal growth of Si (110) rough interface
will be carried out. Three crystal-melt interfaces: dislocation-free, including the end of a 90’

dislocation and including the end of a 60° dislocation will be investigated. It is expected to find
the effect law of dislocations on crystal growth rate of Si on the rough interface. This law can
provide theoretical reference for improving the directional solidification technique and raising the
quality of multicrystalline silicon.

Models and Methods
Model of Crystal Growth

The molecular dynamics model of crystal growth is shown in Fig. 1. The Si crystals at both ends of
the system represent crystal nuclei for the subsequent crystal growth. While, the Si melt in the
middle part of the system are cut from a pre-melting system at high temperature. The dislocation is
created basing on the Hirth and Lothe! displacement formula, and passes through the part of crystal.
The end of dislocation locates at the crystal-melt interface, which is corresponding to (110) plane of
the crystal. The whole model contains 150280 atoms, and periodic boundary conditions are applied
in three dimensions. The interaction for Si-Si atoms is calculated by Tersoff potential, the system
runs in an isothermal-isobaric (NPT) ensemble which is controlled at a standard atmospheric
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pressure and specified temperature by a Nose/Hoover barostat and thermostat. The time step is of
107 ps. In addition, the models of dislocation-free crystal and crystal containing a 60° dislocation

are similar with the model of crystal growth of silicon containing a 90° dislocation as shown in
Fig. 1.
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Fig. 1 Molecular dynamics simulation system with a 90° dislocation for Si (110) Crystal growth
from melt

Calculation of Crystal Growth Rate

Crystal growth rate Blis calculated by counting the variation of the number of crystal atoms (N). To
determine whether an atom belongs to the crystal atom or not, we add up the number of “neighbor”
of an atom, which are the atoms within the sphere with a radius of average distance of the first and
second nearest neighbor distance. If the number of “neighbor” atoms is equal to the value of first
nearest neighbor in the corresponding perfect crystal, the atom at the centre of the sphere is a crystal
atom, and vice versa. The crystal growth rate can be calculated by the slope of the variation curve of
crystal atoms number (N.) with time, and the formula is as follows:
WT) _4d, ON.(1,T)
N, ot
Where dpis the atomic layers spacing and Ny represents the number of atoms in each layer.

(1)

Results and Discussion
The Atomic Process of Crystal Growth of Si

The dislocation-free Si crystal growth process at the reduced temperature of 0.88 (T/Tm=0.88) is
shown in Fig. 2, and each atom is colored by its potential energy. The crystal-melt interfaces keep
clear and move gradually into the melt part with the course of time. Finally it is transformed from
planar to rough, which is a continuous growth mechanism. The crystal growth processes of Si with
dislocations, 60° dislocations or 90° dislocations, is similar to that process shown in Fig.2. The
differences are the interface morphology and the rate of interface movement, i.e. crystal growth
rate.
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Fig. 2 The atomic structures of the system at different times during the process of crystal growth
of Si (T/Tm=0.88) (a) 100 ps (b) 500 ps (c) 700 ps (The structure for 0 ps is like Fig.1)

Crystal Growth Rate

Fig. 3 shows the effects of different types of dislocations on the crystal growth rate of Si with the
calculation of N.. We find the relationship between the crystal growth rate and the reduced
temperature is semblable in the three different situations. The results show that, the growth rate first
increases fast as the temperature rises, and then decreases slowly after passing through a maximum.
The difference is the growth rate of Si crystal with a 60° dislocation grows lower than
dislocation-free crystal, while the Si crystal with a 90° dislocation has the approximate growth rate
as dislocation-free crystal.

2.8 - —m— Dislocation Free
| —e—60° Dislocation
| —A— 90° Dislocation

N
~

20

Crystal Growth Rate /mes™

0.80 0.84 0.88 0.92 0.96
Reduced Temperture

Fig. 3 The growth rate of Si crystal versus the reduced temperature

The Structures of Crystal-Melt Interfaces

The atomic structure of Si crystal growth with different types of dislocation at 500 ps is shown in
Fig. 4. The the interface morphology of dislocation-free crystal has transformed from planar to
rough as shown in Fig. 4(a). This rough morphology of Si (110) interface is the similar with the
result of situ observation experimentally by Fujiwara [¢. Comparing Fig. 4(b) with Fig. 4(a), the
morphological transformation of the interface with a 90° dislocation is little different from that of
dislocation-free. It just becomes a little smoothe
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Fig. 4 The atomic structures of the system with different types of dislocation at 500 ps during the
simulated growth of Si crystal. (a) The dislocation-free crystal (b) The crystal with 90° dislocation
(c) The crystal with 60° dislocation (d) the 90° rotating picture of (c) by Z[110]direction

Although the outcrop of the 90° dislocation is more advantage for nucleation on the smooth
interface [7, 8], this effect can be negligible because each place is good for nucleation for Si (110)
interface, a rough interface. And the crystal grows through a continuous mechanism [ 1% I, This is
the reason that there are similar interface morphology and crystal growth rate for the two cases,

dislocation-free and a 90° dislocation.

The morphological transformation of the interface with a 60° dislocation is markedly different
from that of dislocation-free. A type of “V” groove is formed gradually around the outcrop of the
60° dislocation, as shown in Fig. 4(c) and Fig. 4(d). Fig. 4(d) is the picture of Fig. 4(c) rotated 90’
by Z [liO] direction. It is clearer to show the “V” groove at the right interface where the dislocation

has climbed.

An outcrop of a screw dislocation can mostly emit growth spirals, and the crystal grows through
a spiral step mechanism ['> 3. However, the crystal growth rate of the growth mechanism
depending on screw dislocation steps is lower than that of continuous mechanism under a certain

range of the driving force ). The 60° dislocation is a type of mixed dislocation, which consists of
edge dislocation component and screw dislocation component. The “V” groove of the 60°
dislocation is inclined to provide spiral-like steps [!5-16]. It indicates that the crystal growth is partial
of the growth mechanism depending on screw dislocation steps, so the “V” groove of the 60°
dislocation will lower the growth rate as shown in Fig. 3.

Conclusions

The crystal growth of Si (110) plane has been simulated by molecular dynamics. The crystal growth
rate and the morphology of crystal-melt interface have been compared among the interface with
different dislocations. The results show that, there is little influence of 90° dislocations on the
crystal growth of Si (110). The crystal growth rate and the morphology of the interface with a 90°

dislocation are similar to that of dislocation-free. However, The 60° dislocation lowered the crystal
growth rate of Si (110), and a type of “V” groove is formed gradually around the outcrop of the
dislocation during crystal growth.
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