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Abstract
The nucleation and crystallization processes of excimer-laser annealed Si on a SiO2 substrate
for complete melting conditions have been investigated by using molecular-dynamics
simulations. In the early stage of nucleation, the preferential growth of nuclei with a {111} face
normal to the surface was originated from the {111} twin boundaries with a low surface energy.
The partial rotation of the dimer leads to the growth of {111}-oriented nuclei along twins that
have different stacking sequences. The recombination of vacancies and dimers at the
solidification front is directly related to {111} growth from the twin boundaries.

1. Introduction

To realize large-area liquid crystal displays, it is essential
to develop a low-temperature fabrication process for high-
mobility poly-Si thin-film transistors. Such a process should
reduce fabrication costs by allowing the use of low-cost glasses
or plastics as a substrate material [1]. SiO2 glass and quartz
play a key role in electronic device applications [2, 3]. It can
be expected that the interface energy driven by the structural
difference between substrate materials [4] such as quartz and
glass influences the stable structure of the Si nucleus at the
Si/SiO2 interface. The interfacial energy of SiO2 is changed
locally by the number of dangling bonds of O and Si atoms at
the interface. The difference between the local strain [5] and
the interface energy across the interface may lead to the random
orientation of grains, as reported in experiments. Among the
various crystal growth techniques [6], a widely used method
for preparing poly-Si on the glass substrates is excimer-laser
annealing (ELA). However, due to the short excimer-laser
pulse width, which typically ranges from 20 to 66 ns [7, 8],
it is extremely difficult to analyse the nucleation mechanisms
of large-grained poly-Si on SiO2 substrates. Therefore it is
desirable to simulate the ELA process on the atomic scale to
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investigate the conditions leading to a required microstructure,
and to understand the effects of various process parameters
such as temperature gradient, structure of substrate and cooling
rate.

It has been shown that the overall micro-structural trends
of Si thin films crystallized on glass substrates by excimer
laser can be defined in three major regimes in terms of the
applied laser energy density [9]. These are the low-and high-
energy-density regimes and, in between these two, the so-
called super-lateral growth regime. The high-energy-density
regime, where the grain size is nearly independent of the
irradiated laser energy density, is related to complete melting
of the Si thin film. Hence, this energy range is also referred
to as the complete melting regime [10]. Epitaxial growth from
the substrates is not possible due to the amorphous structure of
the glass. A significant supercooling followed by nucleation
in the liquid phase is required before the occurrence of the
transformation to the solid phase. The molten Si cools very
rapidly (>1010 K s−1) [3]. Recent detailed work by Hatano
et al, who investigated the excimer-laser crystallization process
by employing various in situ methods, supports the model of
homogeneous nucleation in supercooled Si [9]. Up to now,
little has been done to investigate the structural development
of a grain in laser crystallized poly-Si thin films on the atomic
scale.
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McCulloch et al [11] have investigated the dependence of
the hydrogen content on the surface roughening of a Si thin
film. The surface roughening mechanism of amorphous a-Si:H
is related to the total number of pulses and is independent
of the hydrogen content for low hydrogen content, while
the hydrogen effect was observed for hydrogen-rich a-Si.
Moreover, the surface hydrogen starts to be thermally desorbed
at a temperature higher than 400 ◦C [12]. Since surface Si–
H bonds break down over this temperature, the hydrogen
in the grain boundary and crystalline Si is expected to be
released from the system. Therefore, we assume that there
is no large hydrogen effect on the nucleation mechanism
at the surface. In this research, molecular-dynamics (MD)
simulations of the Si/SiO2 system have been performed to
investigate the nucleation and crystallization processes of Si
for the complete melting condition. The structural change of
nuclei is thoroughly investigated to understand the preferential
{111} growth of the grains normal to the surface.

2. Simulation and model details

The initial MD cell of crystalline silicon (c-Si) was set to
48.9×48.9×97.8 Å

3
. The bottom of the MD cell was cut, and

alpha-quartz with a size of 48.9 × 48.9 × 30 Å
3

was inserted.
The MD cell contains 7971 atoms for Si and 5687 atoms for
SiO2. To remove the excessive energy at the Si/SiO2 interface,
static structure relaxation was performed. Starting from the
idealized interface between the c-Si and the SiO2 substrate, the
condition of complete melting was reproduced by melting the
obtained MD cell with an exponential temperature profile up
to 20 Å from the interface. The temperatures of the regions
below 30 Å and above 50 Å of the MD cell were kept at 1700
and 3500 K, respectively. A melting period of 150 ps was
applied to melt the crystalline Si acting as crystal seeds on the
SiO2 substrate. During the cooling process, the temperature
of the SiO2 substrate (Z � 30 Å) was set at 1700 K, and
the temperature of the region above 30 Å was not controlled.
Periodic boundary conditions were employed in the [100] and
[010] directions. In the [001] direction, the atomic positions of
two bottom layers of the MD cell were fixed, while an elastic
hard wall was set at the top of the MD cell to prevent the atoms
from escaping out of the MD cell. The system was divided with
a thickness of 5 Å parallel to the surface of the MD cell in order
to determine the local temperature change during the cooling
process. Approximately 500–600 Si atoms were contained in
the region of molten Si. The local temperature of the MD cell
was averaged by five different sets of random number. MD
simulations were used based on a combination of Langevin and
Newton equations to deal with heat transfer from the liquid Si
(l-Si) to the SiO2 substrate [13, 14].

A new parameter set of the Tersoff potential was used
to calculate the interatomic forces of Si and O atoms [15].
Since the nucleation of Si was reproduced well by the original
Tersoff potential parameter [16], the parameters RSi and SSi

that are larger than the original values by 0.2 were used.
The short-and intermediate-range orders of SiO2 were well
described by these potential parameters. The structural and
dynamical properties of SiO2, especially regarding the covalent
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Figure 1. Changes in local temperatures as a function of time during
cooling. The temperature of the 30 Å zone of the MD cell is set at
1700 K, and for the other region (Z > 30 Å) the temperature was not
controlled. The inset shows a time evolution of the overall system
temperature during cooling.

characteristics, were in good agreement with the experimental
results, even though some discrepancy was observed due to
ignorance of the Coulombic interaction. The validity of the
new potential parameter set for the Si–O system has also been
described in our previous works [17]. In order to control
the temperature of the system that was being considered, we
used the scheme developed by van Gunsteren and Berendsen
for numerical integration of the Langevin equation [18]. The
time step for the integration was set at 0.5 fs, and the friction
constant was chosen to be 5 ps−1. The Langevin equation for
the motion of atom i is:

mr̈i (t) = Fi(t) − mγ ṙi(t) + Ri (t), (1)

where Fi (t) is the sum of all forces exerted on atom i by
other atoms and is to be derived from the potential which
is dependent on the coordinates of all N particles. m is
the mass of atoms, γ is the friction constant, and Ri (t) is a
random force to heat the particles. To control overheating, the
atoms are subjected to Ri (t), which simulates the coupling to
a heat bath. The detailed simulation procedure is described
elsewhere [13, 19].

3. Results and discussion

Figure 1 shows the local temperature change of the system
during the cooling process. The local temperatures were
averaged by five different sets of random numbers, with a
thickness of 5 Å in the [001] direction. The exponential
temperature profile at 0 ps was observed near the Si/SiO2

interface. The temperature of molten Si was decreased and
a flattened temperature distribution was obtained in 150 ps.
The cooling rate of the l-Si in the natural cooling system
depended on the thickness of l-Si and the thermal conductivity
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Figure 2. Schematic diagram for the definition of the dihedral angle.
The geometry of the atoms is represented in terms of the vectors r,
and the dihedral angle can be defined by the angle between vectors
n1 and n2.

of the substrate material [20], even though a rapid cooling rate
of ∼1013 K s−1 was obtained in this system. The heat flow
from the l-Si to the SiO2 substrate gives rise to a decrease
in the width of the velocity distributions of atoms in the l-Si
region [14].

In order to monitor crystal growth and nucleation in l-Si
during MD simulations, it is necessary to devise a procedure
that allows the identification of crystal-like atoms from liquid-
like atoms in an effective way. Marques et al [21] reported
criteria for discriminating the two phases. In their criteria,
all atoms with potential energies 0.2 eV above the ground
state of the crystal were identified as amorphous. However,
it has been reported that when amorphous material is very well
relaxed and in quasi-equilibrium, this criterion leads to error.
Uttormark et al [22] also proposed a technique for studying
the dissolution of crystalline Si embryos in the liquid phase.
To identify atoms belonging to the crystalline phase, they used
three different criteria based on the coordination of atoms, the
distance, and the angles for four nearest neighbors. In this
case, nearest neighbors around a central atom form an angle
of 109◦ for the ideal diamond lattice. These three criteria were
successfully used for the selection of crystal-like atoms from
the liquid environment, since the coordination in the liquid is
about 6 [23], and the angles are strongly distorted with respect
to those in the perfect crystal lattice.

In this study, the dihedral angle φi jkl shown in figure 2 was
used for the definition of the order parameter. The geometry
of atoms is represented in terms of the vectors r, and each
plane composed of three atoms can be defined by the vectors
n1 and n2. φi jkl is the angle between the plane containing ri j

and rik and that containing rik and rkl , where ri j represents
the difference between the position vectors of atoms i and
j . The order parameter Pi defined by the dihedral angle
can be written as Pi = 1/(N + 1)(

∑N
m=1 pm + pi), where

pi = 1/Nφi j kl

∑
cos3 (6φi jkl), where pm is the sum of pi for the

nearest neighbors of atom i , and Nφi j kl is the number of times
calculating φi jkl for atom i . When Pi larger than 0.2, which is
the position where the extrapolated point of the density profile
and the order parameter profile for each atom meet, an atom is
identified as a crystalline atom. By designating crystal atoms
as those particles for which Pi > 0.2 and liquid atoms as those
for which Pi � 0.2, a perfect discriminator is defined.

The atomic configurations identified as crystalline Si
atoms and the SiO2 substrate are shown in figure 3. As can be
seen from the figures, crystalline atoms were not observed on
the SiO2 substrate at 0 ps. It is worth noting that homogeneous
nucleation in the bulk l-Si and surface nucleation at the top
of the MD cell are the significant features for the complete
melting condition. The direct formation of nuclei from the
SiO2 substrate was not observed in the simulations. We
consider that the high interface energy arising from the lattice
mismatch between the SiO2 substrate and the nuclei leads to
the disturbance of nucleation and acts as an activation energy
barrier for nucleation at the Si/SiO2 interface [24].

Figure 4 shows snapshots of the atomic configuration
sliced with 5 Å from the top of the MD cell at 22.5 ns and the
side view of the atomic configuration of the nucleus formed
at the middle region of the surface. The nuclei with {111}
facets was observed parallel to the substrate of the MD cell.
The preferential orientation of the {111}-oriented faces at the
surface is ascribed to the low surface energy [19]. The surface
energies for the twinned and untwinned Si surface structures
were measured by γs = (Us − Ub)/2A. Here, Us is the internal
energy of the MD cell with a surface, Ub is the internal energy
of bulk Si, and A is the area of the surface. The surface energies
of the untwinned Si(111) surface are 1.20 and 1.23 J m−2 at
77 and 1700 K, respectively, and the experimental value for
the untwinned Si(111) surface is reported to be 1.23 J m−2

at 77 K [25]. The surface energies of the twinned Si(111)
surface observed in the simulations have the values 1.20 and
1.25 J m−2 under the same conditions. The similar values of
surface energy for different structures are ascribed to surface
atoms with a single dangling bond at twin boundaries and
the Si(111) surface, since the surface energy depends on
the dangling bond density at the surface. The effect of the
surface energy for nucleation can be associated with classical
nucleation theory. Nucleation and crystal growth is possible
at a smaller critical nucleus size with decreasing surface
energy. Twin boundaries are the dominant microstructure in a
preferential {111} orientation of grains, and the predominant
formation of twin boundaries is a general feature of the
grains [26].

As shown in figure 4(b), the structure of the first
monolayer from the surface represents twins, and the twin
boundaries are parallel to the surface of the MD cell. The
twins or stacking faults are expected to form {111} faces for
the reduction of stresses and nucleation sites for easier growth,
and grow along the {111} faces once they have formed [27].
Therefore, the dominant evolution of {111} faces at the surface
can be thought to be a consequence of the low surface energy,
and the twinned crystals act as a preferential growth site
compared to a structure without twinning [28]. Christiansen
et al reported that the grains in laser crystallized poly-Si
were dominated by first-and second-order twin boundaries
and, under certain experimental conditions, preferential {111}
grains normal to the surface could be obtained [26]. More
confident evidence of growth with {111}-oriented surfaces
from the twin boundaries is observed in the preferential growth
of the flattened diamond crystal, arising from the twin re-
entrant corner effect [29].
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(a) (b)

(c) (d)

Figure 3. Snapshots of atomic configuration during nucleation and crystallization processes: (a) t = 0.0 ns, (b) t = 15 ns, (c) t = 18 ns, and
(d) t = 22.5 ns. These snapshots were obtained by projecting the atomic configurations identified as the c-Si atoms and the SiO2 substrate.
The O and Si atoms are represented by white and dark gray, respectively.

twin

boundary

(a) (b)

Figure 4. Snapshots of atomic configuration for the surface atoms at 22.5 ns. Encircled regions indicate nuclei with {111} faces. The atomic
positions are projected on the [001] direction for the top 5 Å-thick region of the MD cell (a). The atomic configuration of (b) is projected
along the high-symmetry direction of the nucleus. The dotted line indicates the twin boundary.

To obtain more details on the surface structure, we
investigated the micro-structural evolution of several structures
during the phase transformation with time. It should be
noted that the probability of observing crystal growth from

the defects in an MD cell containing 8000 Si atoms is very
low due to the difficulty of defect formation in the Tersoff
potential [30]. Even though five- and seven-member rings
near the perfect c-Si are frequently observed in the solid/liquid
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(a)

A1

A1

D2

D3
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2.374

2.623
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(b) (b`)

A2
A2

Figure 5. Observed formation processes of the {111} face from the twin boundaries: (a) t = 21.526, (b) t = 21.535, (c) t = 21.55, and
(d) t = 21.64 ns. The hollow hatched atoms and the atoms pointed out by arrows indicate the atoms participating in the growth of the {111}
face from the twin boundaries. The vacant sites and the five- and seven-member rings at the solidification front are indicated by a circle and a
black star, respectively. The atomic configurations of the nucleus are projected along the high-symmetry direction of the nucleus. The black
atoms indicate the dimer.

interface, crystal growth of Si(111) from the twin layer has
not been reported. Figure 5 shows a typical example of the
atomic arrangement corresponding to a crystallization event
by interchanging the positions indicated by the small arrows
and the schematic sequence of formation of the {111} face
from the twin boundaries. The migration and transformation
processes of atoms through several paths have been identified
by careful analysis of the computer-generated trajectories. Two
different views of the solidification front along high-symmetry
directions of the nucleus are shown for each step. Five- and
seven-member rings formed around the dimer are indicated

by the black stars in figures 5(a) and (c). It is seen that the
dimer created in front of the twinned Si layer performs a partial
rotation and ends up in crystalline positions. The feature of the
dimer observed at 21.562 ns is that the internal angles formed
by � D6 D5 D7, � D7 D5 D8 and � A1 D5 D8 are 116.7◦, 112.1◦,
and 105.5◦, respectively. These are in the range 105◦–117◦.
The lengths of bonds involved in the dimer were estimated to
be, respectively, 2.374, 2.331, and 2.623 Å for A1–D5, A1–D2

and A1–D4, which are in good agreement with those calculated
by Cargnoni et al [31] when the reaction path coordinate was
0.09. The bond lengths and bond angles between the first-
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Figure 5. (Continued.)

nearest-neighbor atoms of the dimer shown in figure 5(a) were
confirmed to be almost equal to those of c-Si (the atomic
distance is 2.352 Å, and the bond angle is 109.471◦ at 0 K),
and almost all of these atoms are fourfolded.

The A1 dumbbell atom migrates to the vacant site which
the dumbbell atoms consisting of five- and seven-member
rings shared before recombination (figure 5(a)), resulting in
the formation of a six-member ring (figure 5(b)). The A2

atom is pushed in the direction indicated by the arrows and
induces a local distortion around the dimer. In this migration
process, new five- and seven-member rings and the vacant sites
around the dimer were created (figure 5(c)). Finally, the A3

and A4 atoms are located near to the vacant sites. The A4

dumbbell atom is pulled toward the vacancy, and the A3 and
A4 atoms form two six-member rings by new bonds with the
hollow hatched atoms that are originally included in the dimer,

as shown in figure 5(a). The described formation process
gives the structural rearrangement that takes place between
the {111} faces and the twin boundaries by the spontaneous
recombination of the vacancy and dimer atoms generated by
five- and seven-member rings. The spontaneous recombination
process, resulting in the crystallization of a {111} face from the
twin boundaries, is similar to the interstitial–vacancy complex
that was observed in the MD simulations by Marques [32]
and Tang et al [33]. In their simulations, the recombination
process for artificially generated interstitial and vacancy pairs
occurred in the c-Si matrix. Comparison between the initial
and final steps makes clear the changes in bonding at the
solidification front due to a small torsion around the dimer
and the local diffusion of atoms, resulting in the formation
of two six-member rings marked by the hatched hexagons in
figure 5(d). Since the atoms in the (111) plane need just
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one bond for further growth perpendicular to the surface, a
local movement of atoms included in the dimer leads to the
preferential growth of an atomic layer along the (111) plane
that has a different stacking sequence from the c-Si (twin
boundaries) at the surface. In addition, vacancy and dimer
formation at the solidification front is directly related to the
growth of the {111} face from the twin boundaries.

4. Conclusions

In conclusion, we have performed MD simulations for the
analysis of nucleation and crystallization processes of poly-
Si on a SiO2 substrate for complete melting. The nucleus
nucleated at the surface had {111} faces normal to the surface.
It was observed that the crystallization mechanism of the
{111} face nucleated at the surface was involved in the twin-
dominated defect structure, and the interactions of vacancies
and dimers generated at the solidification front leads to
the formation of the {111} face from the twin boundaries.
Since the preferential growth of the elongated and flattened
{111}-oriented surface was related to crystal growth from
twin boundaries parallel to the surface, the simulation results
suggest that the {111}-oriented nuclei at the surface can be
derived from the twin boundaries that have a low surface
energy.
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