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Pulsed Melting of Silicon (111)and (100) Surfaces Simulated by Molecular Dynamics
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The pulsed heating of Si (100) and (111) surfaces has been simulated by molecular dynamics.
The (111) crystal-melt interface propagates by layer-by-layer growth whereas the (100) interface
grows in a continuous fashion. The equilibrium crystal-melt interface is sharp for the (111) orien-
tation and broad for the (100) orientation. These simulations are the first use of nonpairwise po-
tentials to study interfaces between condensed phases, and the results support models of interfaces
which heretofore had to be deduced from indirect experimental information.

PACS numbers: 68.45.—v, 64.70.Dv

The purpose of statistical mechanical simulation is
not only to describe materials properties at an atomis-
tic level but also to predict behavior under conditions
not experimentally accessible or not yet tried. For the
simplest systems such as the inert gases and ionic ma-
terials, the state-of-the art has probably achieved many
of these objectives. This is not presently true for more
complex covalent and/or metallically bonded systems.
The problem here is not only a lack of knowledge of
good potential functions to describe the interaction
between atoms but also the lack of computer power
that such complex potentials require for their config-
uration-space exploration.

Silicon is a case in point. Although a harmonic po-
tential for low-temperature crystalline Si has been
known for some time, ' it is only recently that poten-
tials capable of approximately describing its high-
temperature states have been developed. 2 The calcu-
lation of the force on each atom takes —3 times
longer to evaluate than for Lennard-Jones atoms at
normal densities. This paper describes an intercom-
parative study by molecular dynamics of the pulsed
heating of the (100) and (111) surfaces using the
Stillinger-Weber (SW) potential' (described below)
with emphasis on the growth characteristics of the
melt and the subsequently achieved equilibrium
crystal-melt interface. Since this potential was optim-
ized along an isochore for the bulk crystal and liquid
phases, we expect it to describe the interface between
the two phases rather accurately. Our isobaric calcula-
tions of the triple-point properties further illustrate the
quality of the SW potential. The simulation results
support expectations that until now have only been de-
duced from indirect experimental observation, the de-
tails of which we now describe.

At room temperature the (111)crystal-vapor surface
stabilizes in the well-known 7X 7 structure. A univer-

sally accepted atomistic model of this system is sti11

lacking. At higher temperatures, a 1 x1 pattern is ob-
served which has been interpreted by some as due to
an amorphous (disordered) overlayer and by others as
single termination of the bulk. s The (100) surface
forms a 2 x 1 structure which has been interpreted as
being due to the formation of Si-Si dimers in the top
layer. 9 ' We do not expect the SW potential to
describe the 7x 7 structure properly since it is general-
ly believed that rehybridization of surface orbitals is a
cause of this reconstruction. 7 The SW potential favors
tetrahedral bonding. On the other hand, the driving
force for (100) dimer formation is thought to be
caused by silicon's attempt to achieve tetrahedrali-
ty. 9 ' Preliminary results using the SW potential do
show in-plane dimer formation. "' In the Czochral-
ski growth of Si from the melt it is known that a slight
undercooling exists at the (111) interface but not at
any of the other faces." This implies that the (111)
interface is just below its roughening transition and
grows by a layerwise mechanism. The other faces are
above roughening and grow without nucleation by a
continuous process. The (111) interface is expected to
be smooth and sharp; the (100) rough and broad.

The SW potential energy (PE) of the system is given
as the sum over all pairs of atoms of a Lennard-Jones-
type term of depth e which smoothly goes to zero at a
distance a (approximately the second-neighbor dis-
tance) plus the sum over all triplets of a three-body
term of the form

$3(r;, , rk, IIJk) =Xexp[y(r, , —a) '+y(r, „—a) ']
&& (costs/, k+ —, )2.

This term vanishes if either r;,. or rk is greater than a.
The angular term is zero at the ideal tetrahedral angle
and posltlve otherwise.
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Each of the (111) and (100) systems were periodi-
cally connected in the x, y, and z directions with suffi-
cient extent in the z to allow for vapor phase. The
standard techniques of molecular dynamics were ap-
plied. Properties are reported in the reduced units of
the SW paper; that is, the unit of length is 0.20951
nm, the unit of energy is 3.4723 x 10 '9 J, and the
unit of mass ( Si) is 4.6459x10 kg. The systems
each comprise approximately 1800 atoms and were
equilibrated for 2000051 (Et=3.8x10 ' sec) at a
reduced temperature of 0.070 (1760 K), our best guess
for the triple point. The x-y period was set by use of
the density from a zero-pressure bulk-crystal calcula-
tion at this temperature. Neither the (111) nor (100)
systems exhibited interface melting in contrast with
the same faces of a fcc Lennard-Jones system at its tri-
ple point. '4 The (111) surface, in accord with the con-
clusion of high-temperature LEED experiments, s ex-
hibits a structure which is simple termination of the
bulk. The kinetic energy of the top four layers was
then instantaneously raised on one side of the slab a
sufficient amount to cause approximately half the sys-
tem to eventually melt. Whereas we were able to
guess the amount of energy to be added to do this for
the (111) surface, our first attempt on the (100) pro-
duced only a limited amount of melt. After the latter
equilibrated, further kinetic energy was added and it is
the results of this experiment which are reported
below. The history of the constant-energy systems was
followed until equilibrium was again achieved.

After the heat pulse (time zero), it took —60000ht
for the system to reach equilibrium, that is, for the to-
tal system temperature to be invariant with time and
for the temperature profile through the system to be
flat. Figure 1 gives trajectory plots in a thin x-z section

for the (111) and (100) interfaces as a function of
time. The (111) melt front clearly progresses a layer
at a time which we expect by microscopic reversibility
from Czochralski-crystal-growth experiments. Trajec-
tory plots in the x-y plane and for other x-z sections
show the front to be flat in the x-y plane. In contrast,
the (100) interface grows over several layers simul-
taneously. Figure 2 sho~s x-y plots over the same
time subinterval during the growth of four neighboring
layers. The region in the top left corner of the compu-
tational box shows particles vibrating on lattice sites
over four layers while the lower right indicates sub-
stantial disorder in those same layers. This behavior is
also observed at "equilibrium" and is symptomatic of
a rough interface. Irregular hill-and-valley structures
at the interface form and unform dynamically as the
system fluctuates around equilibrium. A similar tra-
jectory analysis for the equilibrium (111) interface
shows a transition from crystal to a highly mobile re-
gion to occur over one layer. Such a smooth interface
is in keeping with the experimental observation that
Si(111) is above its roughening temperature T, and
the spatial width of the transition region is similar to
that observed in Lennard- Jones (100) and (111)
molecular-dynamics simulations. ' %e cannot deter-
mine from our small finite-size systems whether these
interfaces exhibit roughening behavior, but what is
striking is the very dissimilar behavior of Si(100). T,
for Si(100) is so low that at the melting temperature
the length scale for roughening fluctuations is ap-
parently shorter than the dimensions of the computa-
tional cell. To our knowledge, this is the first three-
dimensional molecular-dynamics simulation of crys-
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F16. 1. Trajectory plots of thin x-z slice through (111)
and (100) systems covering elapsed time ranges of (a)
(15-20) x10'3r, (b) (25-30) x10'hr, (c) (45-50) x10'Ar,
and (d) (95-100)x 10'hr

FIG. 2. Trajectory plots in x-y plane of adjacent layers
covering elapsed time between 45 000 5 t and 50 000 5 t. The
depth range equals (a) 10.30-10.95, (b) 10.95—11.60, (c)
11.60—12.25, and (d) 12.25-12.90.
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tal-fluid systems to indicate interface fluctuations
characteristic of roughening. By way of rationalization
of this behavior, we note that the nearest-neighbor
bond model for Si predicts T, =O for the (100) face
because there is no in-plane fully connected bond net-
work. Consequently, it costs zero energy to insert a
step at the interface.

Note the growth of a quasiliquid layer on the oppo-
site side of the crystalline film during the (111) simu-
lation. The quasiliquid layer remains after the system
equilibrates. The shock wave, generated by the heat
pulse, is able to overcome the nucleation barrier to
quasiliquid-layer formation. The barrier is apparently
more significant than that for the Lennard-Jones (111)
or (100) faces since these surfaces melt both rapidly
and with facility. '4 We discuss this point more fully
elsewhere. '7 A similar mobile surface region is created
at the Si(100) surface after the heat pulse but is less
evident perhaps because the pulse was of lower magni-
tude (see earlier discussion). The evidence for a
high-temperature quasiliquid layer on Si(111) is an at-
tractive explanation for the 1 x 1 LEED structures and
the amorphous overlayer suggested by ion scattering.
A further temperature-dependent study of the Si(111)
crystal-vapor interface is required to pursue this point

further.
Figures 3 and 4 give the number-density p(z) and

three-body energy-density E3(z) profiles through the
equilibrated systems. The (111) interface is sharp, the
transition occurring over —3 reduced units of dis-
tance (0.6 nm). The three-body profile shows a large
positive contribution in the liquid, where the coordina-
tion is near 8 and well away from tetrahedrality, and a
small contribution in the crystal caused by the finite
mean-square displacement of atoms away from lattice
sites. Again, the quasiliquid region on the right-hand
end of the crystal is evident. The (100) interface, in
contrast, is broader being approximately 4 reduced
units wide (0.8 nm). The ripples on the three-body
profile on traversing the crystal-liquid interface nicely
demonstrate the occurrence of both ordered and disor-
dered regions within the same interfacial layers. Tra-
jectory plots indicate significant diffusion for all z
values less than 13.5. Lastly, note that both the (111)
and (100) systems have a shoulder in p(z) at the
liquid-vapor interface. This indicates a partially or-
dered structure at the interface vvhich is not observed
at simple liquid-vapor Lennard-Jones interfaces, and18

which will be discussed in detail in a future paper. "
Table I gives the triple-point properties of the two
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FIG. 3. (a) Equilibrium number density and (b) three-
body potential energy density profiles for (111) triple-point
system.

FIG. 4. (a) Equilibrium number density and (b) three-
body potential energy density profiles for (100) triple-point
systerrl.
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TABLE I. Triple-point properties in reduced units. Potential energies given per particle.

Surface ~2M ~3C ~3tM

(111)
(100)

0.069(4) —1.86 —1.72 —1.92 —2.35 0.06 0.63 0.14 0.45 0.49
0.070(2) —1.86 —1.71 —1.92 —2.33 0.06 0.62 0.15 0.45 0.49

systems. They are in good agreement with one anoth-
er. The melting point is —1760 K which is to be
compared with the experimental value of 1683 K. The
two-body energy of the liquid is actually lower than
that of the crystal. This is consistent with the liquid
having the higher coordination number. The three-
body energy difference more than compensates for
this, however, and a positive heat of fusion (L)
results. The calculated value of L of 30.3 kJ/mole'9
agrees poorly with an experimental value of 50.7
kJ/mole, and implies a sizable electronic contribution
to the entropy of fusion. Notice that, in agreement
with experiment, there is a density increase upon melt-
ing and the calculated values of 2.28 and 2.45 compare
favorably with the experimental values of 2.30 and
2.53 g/cm3. 'o Lastly, the (essentially) zero concentra-
tion of particles in the vapor phase of the simulation is
compatible with the low experimental triple-point pres-
sure of —10 ' Pa. ' This latter quantity, assuming
ideality, is equivalent to —10 atom in the vapor
volume of this simulation.

In conclusion, our simulations of silicon have shown
for the first time the ability of the SW potential to
describe satisfactorily a variety of triple-point proper-
ties and to explain growth characteristics which hereto-
fore have been inferred from macroscopic experiment.
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