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We have studied the epitaxial growth of silicon using molecular-dynamics
Si(111) substrate, with the Si atoms projected towards
model consists of a temperature-controlled
the substrate as is done in the laboratory. The atoms interact via a potential developed by Stillinger and Weber to simulate the bulk properties of Si. We find that at low substrate temperaIt is
tures the growth is not well ordered; this is in accordance with experimental observation.
precisely the opposite of what occurs in spherically symmetric potentials that were used to simulate the growth of metallic films. At higher substrate temperatures the growth is into properly
stacked, crystalline Si layers. In contrast to the growth of metals (spherically symmetric potentials), the atomic mobility on the growing surface and the thermal conductivity of the system are
much lower for Si; the results of this simulation and those of our previous work are in agreement
with experimental observations showing, as expected, that a major determining factor in epitaxial
growth of films is the nature of the interaction potential.

Epitaxial growth from the vapor phase is a subject of
much current interest. ' This is motivated by the unique
physics and materials which can be studied using this
technique, and by important applications in the fields of
semiconductors, magnetism, and optics. The theoretical
studies to date have mostly been based on phenomenological, thermodynamic models which rely on a variety of parameters whose significance, quantitative and qualitative,
Recent advances in computer techis unknown a priori.
nology have opened up the possibility for realistic simulations of epitaxial processes.
These simulations are usethe role of the various parameters
ful in understanding
important for epitaxial growth. We present here the first
molecular-dynamics
(MD) simulation of epitaxial growth
of silicon on a Si(111) substrate. At very low substrate
temperatures the growth is found to be in a disordered
structure. Our results show that there is an optimum
range of temperatures for which epitaxial growth occurs,
and that dynamical relaxation is an essential factor in this
process. However, the surface mobility for the case of
fourfold-coordinated
elements such as silicon is much
smaller than the one found for spherically symmetric potentials. We speculate that in the laboratory this is the
reason for the easier epitaxial growth of metals as compared to semiconductors and that the interfaces might be
sharper in semiconducting than in metallic superlattices.
In the calculation presented here the atoms interact via
a potential developed by Stillinger and Weber (SW) to
simulate the properties of liquid and solid silicon. The potential comprises both two-body and three-body contributions. The two-body part has a Lennard-Jones-type form

f2(r~ )=A (Br~ t' —1) exp. [(rj —a) '],
with A =7.049556, B =0.6022246, p =4, a =1.80. The
minimum
of f2 is at r;„=2'I with a depth

fq(r;„)= —1. The

three-body part of the potential enerconsists
of
of
the following term over all triplets:
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X = 21.0, y = 1.20.

Both f2 and f3 vanish if r, , or r;t, is greater than a, this
being a distance slightly smaller than the second-nearestneighbor distance 1.83 in the zero-pressure diamond lattice. The three-body part is zero for the diamond lattice
because all angles between nearest-neighbor bonds start'
ing from the same atom are tetrahedral, i.e. , cosO= ——, .
Since the range of f2 does not include second-nearest
neighbors, the distance r~~ between nearest neighbors for
the diamond lattice under zero pressure is given by the
minimum of f2, rNN =2'
Applied to silicon, the unit of length o. =0.210 nm,
unit of energy e = 3.47 x 10 '
J, unit of time t *
'
'I
=7.66&&10
=o(m/s)
s (m mass of Si atom), and
the temperature unit T* =e/ktt =2.52 X 10 K. (See Ref.
6 for full details. )
The parameters in the SW potential were chosen so as
to make the diamond structure the most stable periodic
of atoms at low pressure. Moreover, the
arrangement
melting point and the liquid structure were sought to be in
reasonable agreement with experiment.
The (111) stacking sequence for the diamond lattice is
AaBbCcAa. . . . Within each plane the atoms are arranged in a triangular lattice with a lattice constant equal
distance —,' J6rNN =1.83.
to the second-nearest-neighbor
The distance between planes A-a, B-b, etc. is equal to the
nearest-neighbor distance rNN, and the atoms are stacked
directly above each other. The distance between planes
a B, b C, etc. is rNN/3-, atom-s of plane B, C. . . being
1340
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stacked above the center of the triangles in the lower
plane a, b, . . . .
It should be mentioned that the SW potential, because
of its short-ranged nature, does not distinguish between
the diamond and the wurtzite structure (AaBbAaBb. . . ).
The diff'erence in energies between these two structures,
however, has been calculated to be much smaller than the
difference between diamond and other structures (sc, Ptin, hcp, fcc, and bcc). Also, one does not expect the SW
potential to reproduce the rather complicated 7 x 7 reconstruction of the Si(111) surface. However, the SW potential properly describes the magic numbers and the topology of ground-state structures of small Si clusters found
from quantum-chemistry
calculations.
Our molecular-dynamics
model consists of a Si(111)
substrate with three atomic planes at z = —rNN, O, 3 rNN
(stacking sequence AaB). The atoms in the first two layers are fixed at their ideal lattice sites, whereas the atoms
in the third layer 8 are allowed to move as part of the
dynamical system. The system is open along the positive z
axis, and periodic boundary conditions are applied in the
x-y plane which contains the substrate. The x and y dimensions of the simulation cell are adapted to a 14X16
triangular array of atoms. In order to include thermal expansion we make the lattice constant, and by that the x -y
cell dimensions, dependent on temperature. For the simulation at higher temperatures we take a lattice constant
which is 0.6% larger than the lattice constant at T=O.
This relatively small value for the thermal expansion
agrees with zero-pressure simulations of a SW crystal at
higher temperatures.
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FIG. 1. Density of atoms in the perpendicular z direction to
the substrate after the deposition of 1828 atoms at T, 0.

To simulate the growth process, an atom is introduced
02t *), moving, at the moment of introevery 90ht (ht
duction, perpendicularly towards the substrate. The beam
temperature is 40% higher than the melting temperature
to be about
Tm of the SW model (T was determined
Due to computational limitations, we have to
0.07). '
choose a deposition rate which is orders of magnitude
higher than the deposition rates usually found in real experiment.
Yet, the time between the introduction of
atoms in our simulations is comparable to the vibrational
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time of atoms, and most of the atoms approach the adsorbate individually. We think that important short-time relaxations within the system are included in our simulations. Of course, relaxations on a macroscopic time scale
cannot be included in such calculations. Since the simulations are rather costly, the influence of the deposition rate
on the growth behavior has not been investigated.
The temperature of the adsorbate is controlled via the
substrate temperature T, which in turn is adjusted by
periodically scaling the velocities of the atoms in the movable substrate layer. This is an effective procedure to cool
the adsorbate to the desired temperature.
For the lowtemperature
simulation
with T, =0 the temperature
within the adsorbate varies as a function of height z from
T~ 0.004 in the bottom layers to T2=0.012 in the top
layers of the film. In the case of growth at intermediate
temperatures
the temperature
from
profile
ranges
TI 0.035 in the bottom layers to T2=0.042 in the top
layers. This temperature of the film surface (T2 =0.042)
is well below the melting temperature T (this can also be
seen from the relatively low mobility of the surface atoms
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FIG. 3. Atomic density after the deposition of 2492 atoms for
In order to exa system grown at intermediate temperatures.
tract the thermal motion, the system has been cooled to a low
temperature without further deposition.

Fig. 5).
The equations of motion are solved numerically with an
integration step h, t, and the trajectories of all atoms are
followed throughout
the simulation as in all standard
molecular-dynamics
calculations. On a Cray-XMP computer about 68 h CPU time is required to deposit 2500
atoms.
Figure 1 shows the particle density in the z direction,
i.e., the direction perpendicular to the substrate, after the
deposition of 1828 particles at a temperature
T, =0.
After the first three layers, i.e. , beyond z =3.0 in Fig. 1,
the atomic distribution is random without any evidence
for layered growth. The particle arrangement in the plane
of the film shows no evidence for crystallinity; without going into a detailed structural analysis it is appropriate to
characterize the structure as being akin to an amorphous
material, as shown in Fig. 2. This is opposite to what was
in

found earlier using a Lennard-Jones potential where even
at the lowest substrate temperatures the growth was into a
layered, crystalline structure. Our finding of an amorphous growth for Si at low substrate temperature is in
agreement with experimental results which invariably produce an amorphous type of structure. ' Note the large
number of 5-7-membered rings observable in Fig. 2.
Long time (30000dt) annealing of this structure (at low
temperature) did not change these results.
The growth at an intermediate temperature is quite
diA'erent, as illustrated in Fig. 3 after the deposition of
2492 particles at an adsorbate temperature T=0.04. In
this case, the growth is into a layered structure as shown
in the figure. Note that not only is a!ayered structure obtained but that the proper stacking distances corresponding to the Si(111) direction persists over 9 layers. The
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FIG. 4. Atomic arrangements at various heights for the system in Fig. 3. (a) First deposited layer on top of substrate layer (stackBb). (b) Second deposited layer on top of first layer (stacking bC and bA) (c) Sixth deposited la.yer on top of the fifth layer.
Figure 4(b) exhibits a grain boundary between two differently stacked regions in the second deposited layer (lower right-hand
corner). Such grain boundaries were found to heal at comparable temperatures for the LJ potential.
ing

EPITAXIAL GROWTH OF SILICON: A MOLECULAR-. . .
in-plane structure, however, exhibits some disorder. This
is illustrated by an in-plane plot of the atomic positions of
two adjacent layers [Fig. 4(a)]. In the perfect singlecrystal stacking the atomic positions should be just above
each other. The presence of defects is indicated by the
fact that in certain areas of the sample, atoms are not perAt higher levels in the sample more
fectly overlapping.
disorder is found, as shown in Figs. 4(b) and 4(c), although large parts of the sample are always found to be
well crystallized and are stacked at a proper height. We
have observed that the presence of atoms which form
overlayers tends to improve the crystallinity of the lower
layers. Intuitively this might be expected from a very
directional potential such as the one used here.
We recall that in the case of a system of Lennard-Jones
particles a triangular, locally ordered structure was obtained during deposition and the presence of overlayers, as
observed here, did not seem necessary to obtain a wellstacked crystal structure.
In order to understand the origin of the differences between the two kinds of simulation, i.e. , metallic versus silicon, we have followed the atomic trajectories of particles
for 5000ht in a vertical slice of the sample (Fig. 5). The
figure shows that the atomic mobility in the growing front
is somewhat higher than in the bottom layers. A comparison of similar trajectory plots for the Lennard-Jones (LJ)
(Fig. 4 of Ref. 5) and the Stillinger-Weber crystals shows
that the mobility is much higher in the former (LJ) than
in the latter (SW) case. This is probably the reason for
the very high order encountered in the LJ growth even
without the existence of an overlayer. The physical reason
for these differences is perhaps quite easy to understand.
A fourfold-coordinated structure is more "rigid" (because
of the bond-bending part of the potential) than the structures arising out of the LJ potential, and, therefore, longer
times are necessary for the atoms to find their most favorable equilibrium positions.
A comparison with other theoretical and experimental
results is quite revealing. Experimental low-energy electron diff'raction (LEED) results prove that at low temperatures ( ~ 350'C) the growth of Si is into an amorphous
structure, whereas at intermediate temperatures
(6001100'C) the growth is into epitaxial films. ' The present
calculation is at odds, however, with a Monte Carlo (MC)
calculation' which claims that the SW potential does not
produce growth beyond —,' of a monolayer.
Even a
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FIG. 5. Trajectory plot at intermediate temperature. A comparison of this figure with Fig. 4 of Ref. 5 clearly shows that the
high mobility observed for a LJ potential is not present here.

modification of the potential parameters was suggested as
a remedy. A successful crystallization of a disordered SW
silicon system has not yet been reported in the literature.
In this context one can, in addition, raise questions concerning the efficacy with which escape out of metastable
pockets is handled by MC or MD methods, especially
when large collective motions in configuration space are
needed to obtain the lower-energy minimum. Obviously,
the calculations we have presented here cannot give an
answer to this difficult question.
In summary, we have studied the vapor-phase growth of
techniques and a model
silicon using molecular-dynamics
potential developed by Stillinger and Weber. At low temperature the system does not show proper stacking and
since we have not made a thorough analysis of pair correlations and other properties for a complete characterization we refer to the result as an "amorphouslike" structure; on the other hand, at intermediate temperatures the
and properly crystallized
growth is into well-stacked
structures. The results are in good agreement with experimental results.
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