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A molecular dynamics study has been conducted on an external-force-field-induced iso-

thermal crystallization process of amorphous structures as a new low-temperature athermal

crystallization process. An external cyclic-force field with a dc bias is imposed on molecules

selected randomly in an amorphous-phase of argon. Multiple peaks smoothed out in the radial

distribution functions for amorphous states appear very clearly during the crystallization process

that cannot be achieved otherwise. When the amorphous material is locally exposed to an

external force field, crystallization starts and propagates from the interfacial region and

crystallization growth rates can be estimated.
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Nomenclature

A I Amplitude of external force

B . DC bias for external fields

F . External force

g : Radial distribution function

L . Simulation domain size

m . Molecular mass

N . Total number of molecules

Vi . Inter-distance between molecules 7 and j
T  : Temperature

x,¥,2 . Cartesian coordinates

Greek Symbols

3 . Energy parameter
0 - Number density
o . Length parameter
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(0] . Potential function
T > Time
Superscript

* : Dimensionless

1. Introduction

The objective of present study is to investigate
the constant-temperature external force field-in-
duced crystallization of an amorphous material
without crystalline seeds, using the molecular dy-
namics (MD) simulation technique. Since the
crystallization from amorphous structure can be
achieved more quickly as the coordination num-
bers of the constituent atoms increase (Tanaka et
al.,, 1999), the crystallization of Lennard-Jones
molecules are investigated as a first step towards
the external force field-induced crystallization
of an amorphous material, rather than silicon.
The coordination numbers for Lennard-Jones
and silicon atoms are 12 and 4, respectively.
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Although current study is mainly focused on
the external force field-induced crystallization of
amorphous Lennard-Jones molecules, this re-
search will make a contribution to the advances
in the fabrication of polycrystalline silicon (poly-
Si) from a-Si at low temperatures in order to
avoid the problems involved in high-temperature
processes (Sameshima, 1998 ; Yoon et al., 2001 ;
Ahn et al., 2002 ; Zhao et al., 2000) . Especially, it
is shown that the external force field can reduce
the silicon-crystallization process temperatures
significantly, using MD simulation (Park et al.,
2004), although the crystallization requires crys-
talline seeds.

Without problems involved in conventional
fabrication methods such as metal contamination,
long process times, small process windows, or
non-uniformities, low-temperature crystallization
processes using an alternating magnetic induction
or microwave heating have been investigated to
bring about a more effective crystallization of
a-Si on a glass substrate at temperatures around
500°C. However, mechanisms for the alternating
magnetic field crystallization (AMFC) or micro-
wave assisted crystallization (MAC) as well as
those for metal induced crystallization processes
(MIC) are not clearly understood yet (Yoon et
al., 2001 ; Ahn et al., 2002) . It can be conjectured
that AMFC or MAC is due to heating of a-Si by
eddy current losses in an alternating magnetic
field or microwave heating and due to field-
enhanced oscillation or movement of defects or
ions. Heating due to eddy current loss in AMFC
is considered not to be relevant, since it is almost
impossible to heat up the a-Si film alone without
heating the glass substrate except using the exci-
mer laser crystallization (ELC) technique and the
process temperature around 500°C is too low to
increase easily the temperature of a-Si film up to
effective annealing temperatures for solid-phase
crystallization. Contribution of heating by micro-
wave in MAC is also negligible, since the spec-
imen temperatures have been carefully controlled
by the adjustment of the microwave power (Ahn
et al,, 2002). The second hypothesis that field-
enhanced molecular movements may result in
global crystallization will be tested in this study
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to optimize the control parameters for the process.
In addition, it is shown that metal concentration
in the material and external electric field strength
are the most important factors for MIC (Yoon et
al., 2001). There are, however, not many theo-
retical and microscopic tools available to examine
the effect of field-enhanced molecular movements
on the crystallization. Therefore, it is decided to
apply the MD technique to determine whether
externally forced molecules will cause crystal-
lization or not, although the forced molecules are
selected randomly and the external forces are
artificially imposed in this study.

The MD technique is known to have a capa-
bility of providing very detail information on
various unexplained phenomena ranging from
micro- to nano-scales by virtual experimentation
of those phenomena (Allen and Tildesley, 1987 ;
Mandell et al., 1976 ; Mandell et al., 1977 ; Pick-
ering and Snook, 1997 ; Swope and Anderson,
1990 ; Tanemura et al., 1977 ; Yang et al., 1998 ;
Cho and Park, 2002 ; Lee et al., 2002). Recently,
Caturla et al.(1995), Weber et al.(1997), and
Motooka (1997) showed that MD simulation is a
useful tool to study the microscopic process of Si
crystallization and amorphization induced by
ions and defects. There are, however, few reports
available to investigate the possibility of crystal-
lization induced by externally imposed force
fields using MD technique. The progress of crys-
tallization at constant temperature is observed
through the radial distribution functions (RDF)
instead of observing the structure factor and
conducting voronoi analysis (Swope et al., 1982 ;
Swope and Anderson, 1990).

2. Simulation Model

In order to monitor the external field induced
crystallization process of amorphous structure as
it evolves from its initial to final states, the well-
known Lennard-Jones (LJ) 12-6 pair potential
has been applied in this MD simulation, given
as

T RS



2044

The LJ potential is truncated to zero for distance
larger than 2.5¢ for expedition of the calcula-
tion. The simulation domain is basically a cubic
or a rectangle (L3 XL} XL3=9.5X9.5XL*) for
an initial crystalline fcc structure as a reference,
a slightly expanded domain for amorphous super-
critical fluid, and a long rectangle (L%XLjX
L2=9.5X9.5X3L*) during the recrystallization
‘process. Here, L* denotes the size of the domain
in x, y, and z directions. The equation of mo-
tions are solved by the “velocity Verlet” algo-
rithm (Swope et al., 1982) with a time step of 5 fs,
or Ar*=21335%X107% In this work all quanti-
ties with an asterisk are nondimensionalized with
respect to ¢, & and m, which use the values of
argon such that ¢=0.34nm, e=167X1072],
and m=6.63X10"% kg.

Prior to conducting the simulation for an iso-
thermal crystallization process, a crystalline fcc
structure is designed and placed at the center of
the computation domain in which molecular
number density is 1.001 at 7*=0.496 below the
triple point of argon, T*=0.693. To effectively
obtain the amorphous structure the volume
of the calculation domain is expanded by 0.2%
and its temperature is raised up to 7°*=248,
which is much higher than the experimental
value of critical temperature of argon, 7°*=1.085.
After 100000 steps, the system is equilibrated in
a supercritical state and thus in an amorphous
structure. This amorphous fluid is located in
the center of the computational domain that is
expanded in z direction from L* to 3L* to avoid
the artifacts due to periodic boundary condition
in z direction and it is suddenly cooled down
to temperature 7 *=0.496 by the velocity sca-
ling. This supercooled liquid undergoes another
equilibration process of 100000 steps. After this
preprocessing, the equilibrated amorphous struc-
ture at temperatures below its triple point is
obtained and used as an initial structure. In the
simulation, a velocity scaling is performed at each
step to make sure that the system is maintained
at the designed temperature, 7 *=0.496, since
without velocity scaling for an isothermal condi-
tion the crystallization process will accompany
the temperature increase with the expense of
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potential energy. At each time step the structure
change is monitored using 3D graphs and the
radial distribution function (RDF) (Haile, 1992),
given as

o) = (S50l -ri1) @

where p* is the number density, N is the total
number of atoms, and the angular brackets re-
presents a time average.

3. Results and Discussion

To investigate the crystallization phenomena
induced by external field, a cyclic force with a
dc bias is imposed on a small portion of mole-
cules in the amorphous structure, in addition to
the inherent intermolecular forces. Practically
this force may be applied to susceptor molecules
due to direct electric fields, electric fields induc-
ed by external magnetic field, or other excita-
tion sources. Since the internal force in the LJ
molecules is based on the van der Waals in-
teractions and there does not exist any ion or
susceptor in the system, electric fields are not
supposed to influence the molecular motions di-
rectly. In this study, however, it is assumed that
some molecules can act as susceptors of external
forces, only to induce an artificial molecular
movements selectively and to observe the subse-
quent crystallization behavior. As discussed pre-
viously, the result from this study might be a clue
to mechanisms involved in the crystallization of
a-Si to poly-Si, which is athermal and induced
by molecular movements. The artificial force is
estimated from the internal force field experienced
by each molecule. Since the molecules are not in
a perfect crystalline position, there always exists a
force imbalance, which may be induced by ther-
mal excitation, defects, non-crystalline structures,
or other disturbing sources. At each time step,
therefore, the forces acting on each molecule by
neighboring molecules are averaged and the
averaged force is used as the amplitude of the
external force. The external force acting on sus-
cepting molecules is modeled as

Fle=A*[cos(w*t*) +B*]/(1+B*)  (3)
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where A* is based on the averaged force and B*
is the dc bias for the oscillation.

Another parameter to be determined is the
period of the externally induced vibration. Rep-
resentative periods are estimated from the Debye
frequency of argon (Kittel, 1996) and the natural
frequency of the LJ potential linearized as a
harmonic potential, which are 521.6X 107% sec
and 1781 X 107" sec, respectively. The characteris-
tic periods are relatively close to each other and
can be expressed in terms of simulation time
steps of 104 and 356, respectively. Based on these
periods, cyclic forces are imposed on some mole-
cules selected randomly from the system.

Figure 1 shows the potential variations during
external field induced crystallization with poten-
tials of crystalline and amorphous states and
molecular distributions during the crystallization
process at 7"*=0.496. In this simulation the force
constant, A* in Eq. (2) is 1.5 times the averaged
force, B*
one hundred times of the natural frequency. For

is 0.5, the period is 10400 time-steps,
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(a) Comparison of potential energies and

Fig. 1
(b) molecular distributions during the crys-
tallization process induced by an external
force-field at 7*=0.496

values of A* close to the averaged forces and B*
smaller than 0.1, the crystallization cannot be
achieved until 500000 time-steps, even though
solid-phase argon is known to be crystallized
quickly. The importance of B* can be under-
stood by the experimental results obtained by
Jang et al.(1998). They showed that metal con-
centration in the material and external electric
field strength are the most important factors for
the MIC and that the rate at which the MIC
took place was markedly enhanced, especially
under an electric field of 0 to 100 V/em. For
example, the crystallization time at 500°C de-
creased from 25 hours to 10 minutes on applica-
tion of 80 V/cm electric field. However, the un-
derlying physics has not been uncovered, yet.

In this simulation, five of susceptors are se-
lected randomly from 864 molecules in L3} X
L3 X L3=9.5%X9.5%X28.5. Preliminary simulation
showed that the crystallization can be achieved,
when the number of susceptors is less than 2%
(16 out of 864), if exist. If the susceptors are
too many, the crystallization cannot be achieved
efficiently, while it can be achieved most effecti-
vely, when the number is five.

While the potential variation for amorphous
and crystalline structures fluctuates about their
mean values, the potential during crystallization
decreases from the values of amorphous to those
of crystalline states with a sinusoidal fluctuation
synchronized to the external cyclic-force. It can
be understood that the structure has been chang-
ed from amorphous to crystalline states, but the
initiation of crystallization cannot be easily de-
tected from this potential variation shown in
Fig. 1(a) and molecular distributions in Fig. 1
(b).

Figure 2(a) compares the RDF’s for fcc lat-
tice, amorphous and recrystallized structures. The
RDF for recrystallized structure (solid line) over-
laps the RDF for crystalline structure at the
*=0.496) and has multiple
peaks at the same locations that the fcc struc-
ture does, while some peaks are not shown in the

same temperature (

RDF for amorphous structure. Figure 2 (b) shows
the variation of the RDF’s from time step 0 to
62000 for the same case discussed in Fig. 1. The
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RDF at time step 0 is for amorphous structure
after 100000 steps equilibration period of the
rapid quenched state, in which the second peak
is smoothed out and the third and fourth peaks
are merged into one peak. Around time step
30000 the second peak starts to reappear and
the third peak does to disengage from the fourth
peak. These behaviors become very clear at step
40000. After time step 55000 the shape of the
RDF becomes very close to that for crystalline
structure.

Especially, appearances of the second and third
peaks are remarkable in the incipient stage of
crystallization, as described in Fig. 3. The abrupt
increases of those peaks are clearly and simul-
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tions of radial distribution functions during
external field induced crystallization at 7%=
0.496
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taneously detected near 40000 steps, which imply
that the material is undergoing a global crystal-
lization process, although the creation or destruc-
tion of crystalline nuclei cannot be detected. In
order to observe the nucleation characteristics
in detail an analysis should be conducted based
on voronoi polyhedron (Swope and Anderson,
1990), which is not included in this study. Com-
paring to the variation of potentials shown in
Fig. 1, the variations of the second and third
peaks are prominently clear during crystalliza-
tion process.

In addition to the global crystallization, local
crystallization and its propagation are simulated
for the calculation domain of L}XL3XLi=
9.5X9.5X 114. The total number of molecules in
amorphous state is 3456 and the molecules are
located initially within a rectangle 9.5X9.5X40
in the center of the calculation domain as shown
in Fig. 4. The number of susceptors is 5 and they
are selected from the molecules located within
—19<z*< —15 in order to simulate the local
crystallization. Here, the force constant, A* in
Eq. (2) is the averaged force, B* is zero, the
period is 10400 time-steps. Of course, the crystal-
lization can be achieved more effectively for B
greater than zero. At time step zero the structure
is in its amorphous state after undergoing the
same procedure for global crystallization. After a
long exposure period of external fields about
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Fig. 3 The second and third peaks in radial distri-
bution functions during external field induc-
ed crystallization at 7*=0.496
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200000 steps crystallized structure appears near
the other end of the structure (z*=20), i.e. the
interfacial region between the solid-phase and
gas—phase and this crystallization propagates to-
wards the source of excitation. After 410000 steps
the crystallization front reaches the region of
excitation and the crystallization does not propa-
gate into the region, as discussed for global crys-
tallization that is not achieved easily by pure
sinusoidal oscillation (B*=0). Based on sudden
jumps of the second and third peaks in the
RDF as a crystallization criterion, Fig. 5 shows
the propagation of crystallization fronts with re-
spect to time. The slope of the data may indicate
the crystal growth rate, which is 24.26 m/s in
this simulation condition. This growth rate is a
little bit higher than those (5—10 m/s) for silicon
from the MD simulation using Tersoft poten-
tial, while these values are much higher than
the realistic crystal growth rates (~1 mm/min)
(Motooka, 1998).

10 <100
TIME STEP =0 200006 280000 310000 410000

Fig. 4 Molecular distributions during crystalliza-
tion process from amorphous to crystalline

structures
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Fig. 5 Crystallization front and its growth rate
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4. Conclusions

A molecular dynamics study has been carried
out to understand crystallization mechanisms be-
hind the alternating magnetic field crystallization
and microwave-induced crystallization processes
of amorphous silicon at low temperatures.

For the simplification of the simulation, cur-
rent study is mainly focused on the external
force field-induced crystallization of amorphous
Lennard-Jones molecules. Although the external
force acting on molecules are artificially designed,
it is assumed that susceptor molecules are under
the influence of external forces such as electric,
magnetic fields, or other excitation sources.

Based on those assumptions, it is shown that a
small number of molecules whose movements are
under an external cyclic force field with a dc bias
can induce a crystallization of amorphous struc-
ture and that this new mechanism might be able
to control and accelerate the crystallization pro-
cess at low-temperatures without thermal pro-
blems.

Through comparisons of the radial distribu-
tion functions (RDF) for crystalline and amor-
phous states, the degree of crystallization can be
estimated. Abrupt increases of the second and
third peaks in RDF are observed during the pro-
cess, which occurs simultaneously with the stee-
pest decent of potential energies. The growth rate
of crystalline phase can be estimated from those
abrupt changes of the peaks.
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