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Comparison of semi-empirical potential functions for silicon and germanium
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We report the results of investigations into the behavior of the crystalline and liquid phases of silicon
and germanium as they are modeled by the Tersoff and modified-embedded-atom-method (MEAM) po-
tentials. The structure of the solid-liquid interface produced by each potential is determined, as are the
melting points corresponding to each potential model. The equilibrium properties of both crystalline
and liquid silicon and germanium as modeled by the Tersoff and MEAM potentials are then presented.
The Tersoff potential is found to overestimate greatly the melting point of both silicon and germanium,
while the MEAM underestimates the melting point of silicon by approximately 15%%uo. The MEAM does
not yield a stable liquid phase of germanium. Both potential models produce a (100) solid-liquid inter-
face for both semiconductors that is rough, while the (111) interface is found to be atomically smooth.
The Tersoff potential yields an amorphous phase for both silicon and germanium, but efforts to produce
an amorphous MEAM phase were unsuccessful. Rapid solidification of MEAM silicon produced un-

physical regrowth velocities.

I. INTRODUCTION

Laser annealing techniques are being considered once
again as viable processing techniques for the production
of compound semiconductor materials, such as alloys of
silicon and germanium. Silicon-germanium alloys
present a materials processing challenge in that misfit
dislocations will form if the material is held at elevated
temperatures for an extended period of time. This prob-
lem has been remedied at least in part by the introduction
of a technique that combines molecular-beam or vapor-
phase epitaxy with laser annealing. ' This method,
which is still under development, is receiving increasing
attention and holds promise for the production of com-
pound semiconducting materials. Mechanisms which
might mediate this growth or limit the germanium con-
centration, however, are still completely unknown.

Although great progress has been made toward devel-
oping ab initio simulation methods, such as the Car-
Parrinello method, for atomic-scale studies for semi-
conductors, these methods are still far too computation-
ally demanding to allow large-scale studies. This limita-
tion is particularly important in atomic-scale investiga-
tions of materials processing phenomena such as liquid-
phase epitaxy. This has led several groups to propose
computationally efficient empirical potential models for
silicon that could be used for this or similar pur-
poses. ' Although there have been many efForts to pro-
duce a reliable empirical potential for crystalline silicon,
only the Stillinger-Weber potential was parametrized by
also considering liquid-phase properties. Of the poten-
tials that were not fitted to liquid-phase properties, only
TersofF' has reported any results relating to the liquid
phase. Terso6; moreover, only reported an estimate of
the melting temperature and the structure of the liquid as
determined by the radial distribution function. Although
there are many potential models for silicon, only the Ter-
soff and modified-embedded-atom-method (MEAM) po-

II. POTENTIAL MODELS

The Stillinger-Weber potential utilizes both two-body
and three-body interaction terms to stabilize the diamond
cubic structure of crystaHine silicon and is given as
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where 3, B, p, q, A, , and y are adjustable parameters and
a is a cutofF' radius at which the potential goes smoothly
to zero. The parameters in the potential were adjusted to
reproduce the properties of both crystalline and liquid sil-
icon.

The Tersoff potential is written as a Morse pair poten-
tial and includes many-body efFects by specifying that the

tentials have been extended to germanium. Ding and An-
dersen suggested that germanium might also be modeled
by the Stillinger-Weber potential with appropriately
scaled length and energy parameters. The quality of
the germanium potentials is almost completely untested.

In order to investigate the suitability of these potentials
for studies of materials processing phenomena involving
disordered phases, we have performed investigations of
the phase behavior of the Terso6' and MEAM potentials
using equilibrium molecular-dynamics techniques.
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coeKcients of the Morse terms be dependent on the local
environment of a specific atomic pair. Tersoff gives his
potential as

where
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Tersoff later modified his potential slightly by suggesting
that setting A, 3

=0 had little effect on the quality of the po-
tential. ' This simplification has been adopted in this
work. The function f, (r, )is a c"utoff function that
changes smoothly from unity to zero within a thin,
specified cutoff shell. The adjustable parameters 3, B, A, ,

p, P, n, c, d, h, R, and S were fitted to a large database of
energies determined by ab initio calculations for a variety
of real and hypothetical structures, and the subscript I'j

indicates that the parameter depends on the identity of
atoms i and j. Tersoff apparently did not fit to any
liquid-phase data. Parameters are given for carbon, sil-

icon, germanium, and their alloys.
The modified-embedded-atom method is a more gen-

eral form of the embedded-atom method (EAM), which is
a very successful potential model for face-centered-cubic

where p, is the total electron density at atom i due to all
other atoms in the system, I' is the embedding function,
and P," is the pair potential correction term. EAM stud-
ies of metals assume that the electron density p; can be
expressed as a pairwise summation of radially symmetric
electron densities from the other atoms in the system

EAM y a
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Baskes, Nelson, and Wright have shown that this as-
sumption is invalid for silicon and that higher-order
multibody terms must be included in the electron-density
calculation to account for bond-bending interactions:

p rip (rj)+ Xrfp (r'j rik rjk)
j j k

where p and p signify the two-body and three-body con-
tributions to the electron density. Baskes, Nelson, and
Wright expand the three-body term as a sum of Legendre
polynomials and arrive at the expression

metals. The EAM was developed by Daw and Baskes for
pure metals ' and extended to alloy systems by Foiles
et al. Embedded-atom-like potentials have also
been offered by Oh and Johnson, Chen, Srolovitz,
and Voter, and Finnis and Sinclair. The EAM
methodology expresses the energy of a system of interact-
ing atoms as the sum of the energy required to embed"
an atom in an electron gas whose density is determined
by the other atoms in the system, and a pair potential,
which provides a correction term related to ion-ion in-
teractions. The EAM total energy is given as

F-= QF(p, )+ g P,, (r,, ),
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The constants a ' and a are adjustable parameters, 0; k
is the angle between atoms i, j, and k subtended at atom
i, and p is the radially symmetric two-body electron-
density expression that is termed p in Eq. (11)above.

The authors of the MEAM further restrict the total
cohesive energy of the crystalline phase of silicon or ger-
manium to be given by an equation of state developed by
Rose et al. , which is similar in form to that used in the
development of the Tersoff potential. Unlike EAM mod-
els for metals, the MEAM pair potential is calculated by
assuming a functional form for the embedding function
and then calculating the pair potential necessary to bring
the system energy to the value required by the equation
of state. No liquid-phase properties were used to fit the
potential.

The Tersoff and MEAM potentials for silicon and ger-
manium have been used to obtain information about both
the bulk phases of solid and liquid silicon and germani-
um, as well as to characterize the nature of both the equi-
librium and rapidly crystallizing solid-liquid interfaces.
These data, which will be presented in the following sec-

tions, have been compared to data obtained from the
Stillinger-Weber potential, as well as to existing experi-
mental data.

III. EQUILIBRIUM SOLID-LIQUID INTERFACES
OF SILICON

The phase behavior of silicon and germanium as
modeled by the Tersoff and MEAM potentials has been
examined using a variety of molecular-dynamics (MD)
codes. The melting point and solid-liquid interfaces were
studied using a method similar to that used by Landman
et al. to study the solid-liquid interface of Stillinger-
Weber silicon. The periodic boundary condition in the
direction normal to the desired surface was removed and
replaced by a free surface that prevented the superheat-
ing commonly found in bulk simulations of melting be-
havior. Several atomic planes on the bottom of the cell,
corresponding to a distance slightly greater than the
cutoff of the potential in use, were fixed in their bulk posi-
tions to emulate the presence of an underlying bulk
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phase. Periodic boundary conditions were applied in the
two transverse directions and a time step of 1 fs was used
for the Stillinger-Weber and MEAM potentials. A time
step of 0.2 fs was used in simulations of the Tersoff poten-
tial. Although the larger time step of 1 fs was sufficient
to maintain energy conservation during simulation of
crystalline silicon using the Tersoff potential, it was not
sufficient for simulations of the liquid phase. Energy con-
servation using the specified time steps was excellent,
with a variation of no more than 10 eV/atom in total
energy throughout the approximately 150 ps simulation
time necessary to obtain equilibrium solid-liquid inter-
faces for each potential. The simulation cell used to
study the (100) orientations of each potential contained
50 atoms/plane, for a total of 2000 atoms, while that used
to study the (ill) orientations contained 160 atoms per
(111) doublet. The total system size for studies of the
(111) orientation was 2400 atoms. The atoms above the
fixed lattice were either thermostated for isothermal
(NVT) conditions or allowed to interact via Newtonian
dynamics under conditions of constant total energy
(NVE). The method of Landman et al. can be used to
find the melting point of a material in the following way.
An interfacial configuration exposing the desired crystal-
line orientation is first created with a system density cor-
responding to zero applied pressure at a temperature that
is expected to be below but near the melting point of the
material. The configuration is equilibrated at this tem-
perature for a short time, the temperature scaling is
turned off, and energy is added to the cell so that approx-
imately half of the solid melts. The resulting
configuration is an adiabatic system comprised of approx-
imately equal parts of solid and liquid that are in equilib-
rium at the melting temperature. If the final temperature
is very different from the original estimate, the density of
the cell may be adjusted. A further simulation period
would then be necessary to allow the system to reach
equilibrium.

The procedure described above was used to determine
the melting points of MEAM, Tersoff; and Stillinger-
Weber silicon. No data yet exist for the liquid phase of
the MEAM semiconductors, and it is of interest to deter-
mine how well these potentials might reproduce disor-
dered semiconductor phases. Although Tersoff estimated
the melting point of his potential to be 3000+500 K, he
does not describe the method used to make this deter-
mination. It is of interest, therefore, to calculate this
value independently. The melting point of the Stillinger-
Weber potential is already well known. Recalculation of
the melting point, therefore, provides a check on the ac-
curacy of the computer program used and provides data
on the Stillinger-Weber solid-liquid interface that may be
used for comparison with those produced by the other
potentials.

Since it was desirable to have Stillinger-Weber interfa-
cial configurations with which to compare the results ob-
tained from other potential models, and also to check our
method and simulation code for errors, the method de-
scribed above was used to produce an equilibrium solid-
liquid interface on both the (100) and (111)orientations of
the Stilling er-Weber solid. This simulation was per-

formed by Landman et a/. in 1986, who obtained an es-
timate of the melting point of 1665 K. Later work by
Broughton and Li showed the true melting point to be
1691 K, which is in very good agreement with the experi-
mental value of 1683 K. The value obtained by Land-
man et al. thus had an error of l%%uo. Study of the
Stillinger-Weber system began here with the creation of a
crystalline configuration whose density was set to that re-
ported by Broughton and Li for a reduced temperature of
0.065, which may be compared to the reduced melting
temperature of 0.0672. Melting was initiated on both
orientations using the method of Chokappa, Cook, and
Clancy. Melting initiated at the crystal-vacuum surface
in both systems and the solid-liquid interface proceeded
into the solid until the average reduced temperature in
both simulation cells was 0.0671+0.0011 (1688+26 K).
This process took approximately 150 ps (150000 MD
time steps) for both surface orientations studied. The ex-
cellent agreement between the value obtained here and
that reported by Broughton and Li validates the method
and simulation code that we have employed.

The melting point and interfacial morphology of Ter-
soff silicon was also studied using the method of Land-
man et al. The system size employed was equal in size to
that used for the Stillinger-Weber (SW) potential. An in-
terfacial configuration exposing the (100) orientation was
created and equilibrated for 50000 MD time steps (10 ps)
at a temperature of 1500 K. The system density was set
to that of the crystal at 1500 K under conditions of no
externally applied stress, i.e., zero pressure. This value
was obtained using an isothermal-isobaric (NP'r)
molecular-dynamics simulation code. Energy was added
to the system using the method of energy carriers de-
scribed in Ref. 39. Melting initiated at the vacuum sur-
face and proceeded into the solid until the system temper-
ature fell to a value of 2744+42 K. Since the steady-state
temperature was so different from the original starting
temperature, a new interfacial configuration was created
and equilibrated at a temperature of 2500 K. The melt-
ing process was repeated and a lengthy simulation run of
700000 MD time steps (140 ps) revealed the equilibrium
melting point to be 2547+22 K. The large change in the
estimate of the melting point was caused by an
insufficiently long simulation time for the first attempt.
Although the number of time steps required to reach
steady state has increased by a factor of 4 over SW, the
amount of "real" time required has remained constant.
The additional effort is only required because the time
step used in studies of the Tersoff system is smaller. The
(100) solid-liquid interface of Tersoff silicon is very
diffuse, and shows the presence of interplanar defects all
the way down to the static lattice. Figure 1 shows the na-
ture of the (100) solid-liquid interface of Tersoff silicon,
along with that of the Stillinger-Weber potential. Al-
though the actual melting point of the potential, 2547 K,
is somewhat better than that estimated previously by Ter-
soff; it is still almost 900 K higher than the experimental
melting point of silicon. The value is in error by 51%%uo.

Due to the large error in the melting point, no study was
made of the Tersoff (111)solid-liquid interface.

The melting point of MEAM silicon was calculated on



47 COMPARISON OF SEMI-EMPIRICAL POTENTIAL FUNCTIONS. . . 7689

O

O

o~O
I~O

O

(100) Orientation
Tersof f Silicon

O
O
O

~O
I~O

O

c &UIiLLUL LLUiUII

(100) Orientation
S% Silicon
T = 1691K

, L. ULULII, LUJII

0 10 20 30 40
Height (A)

50 60

FICx. 1. Density profiles comparing the morphology of the
(100) solid-liquid interface of silicon as predicted by the
modified- TersofF and Stillinger-%'eber potentials.

both the (100) and (111) orientations using the same
method as was used for the Stillinger-Weber and Tersoff
potentials. An initial estimate of 1000 K was used as the
starting point for the determination of the melting point,
and the initial density of the atoms in the simulation cell
was set to the zero-pressure density for crystalline
MEAM silicon at 1000 K. The cell was then equilibrated
at constant temperature for 50000 time steps (50 ps), the
temperature scaling was turned off, and then enough en-
ergy was added to the cell to cause approximately half of
it to melt. Melting initiated at the surface and continued
until enough of the crystal had melted to cause the sys-
tem temperature to fall to a constant value. The average
temperature for both orientations stabilized at 1445+25
K after a simulation time of 120 ps. The zero-pressure
density of MEAM crystalline silicon at 1445 K was then
calculated and the size of the simulation cell was adjusted
to this value. Equilibration of the (100) solid-liquid inter-
face was then continued for another 120 ps. Observation
of the average system temperature during the three 40 ps
sections of this latter 120 ps indicated that the system
had relaxed to the new temperature of 1475+25 K after
only the first 40 ps of this latter equilibration period. Al-
though this procedure could be repeated yet again with
the density for the higher temperature, calculation of the
zero-pressure density at 1475 K showed that the system
was only under a 0.05%%uo strain when using the density ap-
propriate for 1445 K at the higher temperature. This
may be compared to a mismatch of 0.6% between the lat-
tice constants appropriate for 1445 and 1000 K. Since
any feature change in the temperature was likely to have
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FIG. 2. Density profiles comparing the morphology of the
solid-liquid interface on the (100) orientation of silicon as pro-
duced by the MEAM and Stillinger-Weber potentials.

been less than the statistical error of the simulation data,
the procedure was stopped at this point. The value of the
MEAM melting point for crystalline silicon was then tak-
en to be 1475+25 K. The underestimation of the melting
point of silicon observed here is consistent with previous
investigations of the melting points of transition metals as
modeled by the EAM. Foiles and Adams found that
the EAM usually predicted the melting points of the
transition metals to be at or below the values that are ob-
served experimentally.

An attempt was made to use the same procedure of
changing the system density for the (111) solid-liquid in-
terface as had been used for the (100) orientation, but a
simple change of the width of the simulation cell pro-
duced no subsequent change in temperature after 80 ps.
Subsequent attempts to produce interface motion by
turning on the "heat bath" portion of the simulation cell
showed that the solid-liquid interface was immobile on
simulation time scales at system temperatures at least as
low as 1350 K, which represents an undercooling of al-
most 10%. This phenomenon is caused by the nature of
the (111) solid-liquid interface, which is atomically
smooth. Regrowth on this interface, like on the (111)in-
terface of the Lennard-Jones potential, requires the initial
nucleation of atoms onto existing crystal to form a new
layer. Our finding does not indicate a specific deficiency
of the MEAM potential, only that nucleation is a slow
process that is difFicult to capture in a molecular-
dynamics simulation. This is especially true for the (111)
interface. The equilibrium (111)solid-liquid interface was
obtained by simply scaling system velocities back to 1475
K and equilibrating the system for 80 ps before collecting
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FIG. 3. Density profiles comparing the morphology of the
solid-liquid interface on the (111) orientation of silicon as pro-
duced by the MEAM and Stillinger-Weber potentials.

low temperature with a perfect diamond lattice as an ini-
tial atomic configuration. The system was equilibrated
for at least 50000 time steps (50 ps for the MEAM) and
averages were then collected for at least another 50000
time steps (50 ps). Simulation of the solid at a higher
temperature was then begun with the resulting atomic
configuration of the previous lower-temperature study.
This process was continued until melting of the crystal
occurred. The resulting liquid configuration was then
equilibrated for at least 100000 time steps at a tempera-
ture 500 K above the temperature at which melting oc-
curred, thus assuring that no residual solid structure
remained. Studies of the liquid phase began at this point.
Each liquid state point was obtained by the same equili-
bration and averaging process as for the solid, except that
the system temperature was systematically reduced from
the highest temperature configuration studied. Studies of
the crystalline phase of both Tersoff and MEAM silicon
were started at a temperature of 500 K, and each state
point in the solid phase was obtained by instantaneously
increasing the system temperature in the manner just de-
scribed. Each liquid state point was obtained by instan-
taneously decreasing the system temperature below the
previous configuration temperature. All simulations were
performed under conditions of zero externally applied
pressure.

A. Equilibrium phases

averages.
The spatial variation of the MEAM and Stillinger-

Weber interfaces is shown in Figs. 2 and 3, where the
singlet density profiles obtained from the MEAM are
compared to those obtained from SW. The density
profiles are remarkably similar, showing a broad and
rough interface on (100) and the sharp, abrupt interface
characteristic of (111). There is also no evidence of "lay-
ering" or ordering in the liquid region adjacent to the
(111) solid, with the exception of the very pronounced
peak showing ordering of the liquid atoms immediately in
contact with crystal on (111).

The densities and configurational energies of crystalline
and liquid Terso6' silicon are shown in Figs. 4 and 5,
while data for MEAM silicon are shown in Figs. 6 and 7.
The crystalline phase produced by each potential exhibits
a nearly linear decrease in density and increase in energy
until it finally reaches the limit of superheating and melts,
which occurs between 1750 and 2000 K for the MEAM

O
O
O

IV. PHASE DIAGRAMS FOR TERSOFF
AND MEAM SILICON

Information concerning the crystalline and liquid
branches of the equilibrium phase diagram of both the
Tersoff and MEAM semiconductors was obtained using
an isothermal-isobaric (NPT) molecular-dynamics simula-
tion code that employed the modified leap-frog algorithm
of Brown and Clarke. ' The simulation cell was cubic
and periodic boundary conditions were applied in all
three Cartesian directions. Ensemble averages were cal-
culated using a system comprised of 1000 atoms. Studies
of the MEAM semiconductors were conducted using a
time step of 1 fs, while the time step in simulations of the
Tersoff systems was 0.2 fs. Studies of the crystalline
configurations for each semiconductor system begun at
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FIG. 4. The density of silicon in the solid and liquid phases
as represented by the modified-Tersoff potential. Data were col-
lected along the isobar corresponding to zero average pressure.
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FIG. 5. The configurational energy per atom of silicon in the
solid and liquid phases as represented by the modified-Tersoff
potential. Data were collected along the isobar corresponding
to zero average pressure.

and between 2500 and 3000 K for Tersoff. This
represents a superheating of at least 21/o for the MEAM
and at most 17% for Tersoff. This may be compared to
the 34% superheating that was observed by Broughton
and Li during their study of the Stillinger-Weber poten-
tial. The liquid configuration that resulted from melt-

1000 2000
Temperature (K)

FIG. 7. The configurational energy per atom of silicon in the
solid and liquid phases as represented by the modified-
embedded-atom Method. Dashed lines indicate instantaneous
quenches to metastable states from an initial temperature of 900
K. Data points on the solid line, which represents the liquid
branch at temperatures below 900 K, represent values calculat-
ed by cooling the liquid at the rate of 10' K/s, followed by
equilibration and averaging. Data were collected along the iso-
bar corresponding to zero average pressure.

MEAM Silicon

1000 2000
Temper. at.ure (K)

FIG. 6. The density of silicon in the solid and liquid phases
as represented by the modified-embedded-atom method.
Dashed lines indicate instantaneous quenches to metastable
states from an initial temperature of 900 K. Data points on the
solid line, which represents the liquid branch at temperatures
below 900 K, represent values calculated by cooling the liquid
at the rate of 10' K/s, followed by equilibration and averaging.
Data were collected along the isobar corresponding to zero
average pressure.

ing the Tersoff crystal at 3000 K was used as input for the
simulation run at 3500 K, and work on the liquid branch
of Tersoff silicon began there. Likewise, the MEAM
liquid configuration at 2000 K was used as input for
simulation at 2500 K. It should be noted that the aver-
age densities and energies calculated for the liquid
configurations at 3000 K (for Tersoffl and 2000 K (for
MEAM) did not depend on whether the initial
configuration was solid or high-temperature liquid, indi-
cating that the equilibration times employed for each po-
tential were sufficiently long.

The phase diagrams show that both the Tersoff and
MEAM yield a liquid silicon phase that is denser than
the crystal. This phenomenon, which is observed experi-
mentaHy, is also reproduced by the Stillinger-Weber po-
tential. The calculated densification at the melting point
of MEAM silicon, 1475 K, is 5.4%, which is identical
with the experimental value reported in Ref. 38. The cal-
culated densification at the melting point of Tersoff sil-
icon, 2547 K, is 2.0%%uo. Previous work on the Stillinger-
Weber potential by Broughton and Li has shown SW to
give the densification as 7.7%, which is somewhat too
high. The heat of melting may also be obtained from the
phase diagrams as the difference in configurational energy
between the crystalline and liquid phases at the melting
point. This may be done because all systems are at an
average pressure of zero. The calculated value of the la-
tent heat for the MEAM is 35.0 kJ/mol, while that of the
Tersoff potential is 41.8 kJ/mol, which compares with
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TABLE I. The properties of silicon at zero pressure as represented by the TersofF, MEAM, and
Stillinger-Weber potential models, as well as the values obtained by experiment. All simulation values
are reported at the melting point of the respective potential model.

Property

Melting point (K)
liquid

Latent heat, I (kJ/mol)
Crystalline density (g/cm )

Liquid density (g/cm )

Liquid coordination
Crystalline Cp (J/gK)
Liquid Cp (J/gK)
Amorphous density (g/cm')
Latent heat, , (kJ/mol)
Amorphous coordination

Tersoff

2547

4.18
2.218
2.263

4.6-5.0
1.00
1.30
2.291

27.0
4.16

MEAM

1475
1.16X 10-"

35.0
2.184
2.302

6.0-8.2
1.08
1.15
2.387'

23.5'
4.65'

SW'

1691
6.94X 10-'

30.9
2.283
2.459

5.5-6.2
0.999
1.256
2.341'

iS.4'
4.2i'

Experiment'

1683
—10

50.6
2.40
2.53

-6 4'
1.04
1.04

1.71—2.2g

11 9"
4.0—4.25

'Reference 38, except where otherwise noted.
"Taken at melting temperature of potential model.
'Reference 42.
"Value at a temperature of 300 K.
'It is not clear that the MEAM actually produces a-Si.
'Reference 47.
Reference 43.

"References 54 and 55.

produced by the two potentials has been calculated by a
least-squares fit of the enthalpy data obtained by NPT
molecular dynamics. The values obtained are reported in
Table I. Although the MEAM predicts a crystalline den-
sity that is much lower than that predicted by either Ter-
soff or Stillinger-Weber, its description of the heat capaci-
ty is comparable to the other two potentials.

The dynamical properties of MEAM liquid silicon
have been investigated by calculating the diffusion
coefficient at a variety of temperatures between 1000 and
2500 K. The diffusion coefficient of Tersoff liquid silicon
was not calculated due to the large difference between the
experimental melting point and that predicted by the
Inodel.

The diffusion coefficient of MEAM liquid silicon was
calculated using a constant volume-constant temperature

(XVT) molecular-dynamics simulation code. A system
size of 100 atoms and a time step of 1 fs were used in this
study. Values of the diffusion coefficient were calculated
using mean-squared displacement data averaged for 50 ps
with averages calculated over 100 time origins to reduce
statistical error. The values of the diffusion coefficients
so obtained are displayed in Fig. 10, along with a curve fit
obtained assuming Arrhenius behavior for the liquid.
Least-squares analysis yielded a value of the pre-
exponential of 1.54X 10 cm /s and an activation ener-

gy of 0.33 eV. The fit is quite satisfactory. This may be
compared with the Stillinger-Weber values of 3.5X10
cm /s and 0.56 eV, respectively. 6

B. Amorphous phase

ransition

h ooo 0.001 0.002
t /Temperature (K ')

FICx. 10. The temperature dependence of the diffusion
coefficient of MEAM liquid silicon.

The densities of the liquid phase of both the Tersoff
and MEAM models for silicon exhibit sudden decreases
at temperatures well below the calculated melting points
of the potentials. These decreases have been examined
with an emphasis on uncovering possible transitions into
a phase that approximates amorphous silicon.

The Tersoff potential has been shown previously to
yield a phase that resembles amorphous silicon. This
phase was attained by instantaneously quenching a liquid
configuration at approximately 3000 K to room ternpera-
ture using a continuous-space Monte Carlo method. This
configuration was then annealed for an extended, but
unspecified, period of time. The resulting phase had a
first-neighbor coordination of approximately 4.25. Con-
tinued annealing at negative applied pressures reduced
the coordination to 4.09. Tersoff also reports a
"significant" reduction in system energy, but does not
give the exact value obtained, nor does he report a value
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for the density of the amorphous phase produced by his
potential. Calculations performed here show that the
density of Tersoff silicon decreases substantially as the
liquid is instantaneously quenched from 2500 to 2000 K.
Further cooling below 2000 K produces a disordered
phase that has a density less than that of the solid, but an
energy only slightly less than that of the liquid. Exam-
ination of the radial distribution function of this phase
obtained at 300 K, which is shown in Fig. 11 along with
that obtained by Tersoff, shows that the structure of the
system obtained here and that obtained by Tersoff are
nearly identical. The first-neighbor coordination of the
system obtained in this work was obtained by integrating
the radial distribution function up to the first minimum.
The value obtained at 300 K is 4.16, which lies between
the values obtained by Tersoff. The amorphous phase
that is obtained is approximately 1% less dense than the
crystalline phase at 300 K, and the amorphous phase is
approximately 0.28 eV/atom (27.0 kJ/mol) higher in en-
ergy than the crystalline phase at 300 K.

An interesting phenomenon occurs in the liquid phase
of MEAM silicon at low temperatures in the form of a
density maximum that is found at a temperature of 900
K. Instantaneous cooling of the liquid from 1000 K to a
temperature of 500 K produced a state point that was a
plausible extrapolation of the liquid branch to 500 K.
Simulation of a liquid instantaneously quenched from
1000 to 750 K, however, showed a distinct drop in system
density below the extrapolation to 500 K. These
quenches are shown by dashed lines in Figs. 6 and 7.
Broughton and Li had also observed a density maximum
when studying the supercooled state of liquid Stillinger-
Weber silicon. Their conclusion in 1987 was that the
maximum corresponded to a glass transition, whereby
the system retained the atomic structure of the liquid but
attained a diffusion coefficient appropriate for the solid
phase. Luedtke and Landman later suggested, however,

l
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This Work

Ref. 19

4
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FIG. 11. The radial distribution function of amorphous sil-

icon as represented by the modified-Tersoff potential. Data are
presented for a system temperature of 300 K.

that this density maximum actually corresponded to a
frustrated phase transition into the amorphous phase.
Luedtke and Landman showed that Broughton and Li
did not obtain the amorphous phase because they cooled
the liquid too quickly, preventing the exploration of
phase space necessary to nucleate the amorphous phase.

The possibility of obtaining a representation of amor-
phous silicon using the MEAM was examined by per-
forming a series of simulations whereby the liquid phase
at 1000 K was slowly quenched to lower temperatures.
The configuration at 1000 K was quenched to 900 K at a
rate of 10' K/s, and then equilibrated at constant tem-
perature for 50 ps before collecting averages for a further
50 ps. This process was then repeated in intervals of 100
K until the system was at room temperature. This pro-
cess revealed that the decrease in density occurred be-
tween 900 and 800 K, and that further cooling below 800
K produced a smooth, gradual increase in the density
from its value at 800 K. These values are shown by the
solid line extending to temperatures below 900 K in Figs.
6 and 7. The density at 750 K, obtained from the slower
quenching procedure, was found to be lower than that
obtained using the instantaneous quench by a modest
0.1%, although the density of the liquid at 500 K predict-
ed using an instantaneous quench procedure was 1.35%
higher than that obtained from a slower quenching of the
liquid.

The transition between 900 and 800 K was further ex-
amined by decreasing the quench rate to a value of 10"
K/s. Equilibration and average collection were per-
formed as with the higher quench rate. Although the
quench rate had been reduced by an order of magnitude,
the resulting system density at 800 K was identical,
within the error of the simulation, to the value that was
obtained using the higher quench rate. The reversibility
of this transition was further probed by heating the 800
K configuration to 900 K at a rate of 10' K/s. Once
again, this resulted in identical densities and
configurational energies as were obtained from the first
quench to 900 K. The stability of the atomic
configurations at 800 and 900 K was also probed by hold-
ing the systems at their respective temperatures and
equilibrating them each for 1 ns of simulation time (10
MD time steps each). System densities and energies were
calculated in 50 ps segments and as a cumulative average
over the 10 time steps. Neither system exhibited energy
variations between 50 ps intervals greater than 10 meV
per system atom, and the density variation between inter-
vals was less than 10 A for both temperatures. Fur-
thermore, no systematic trend in energy or density was
found at either temperature.

The amorphous phases obtained by quenching Tersoff
and MEAM liquids may be compared to results that have
been obtained for the amorphous phase of the Stillinger-
Weber potential. It should be made clear from the
outset that the existence of a MEAM amorphous silicon
is somewhat in doubt due to the small changes in density
and configurational energy that are observed. Table I
lists some of the relevant information. Although none of
the potentials studied reproduce the experimental results
for amorphous silicon accurately, specifically with regard
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FIG. 12. The radial distribution function of amorphous sil-
icon produced by the Tersoff, MEAM, and SW potentials. All
curves represent systems at a temperature of 300 K.

FICx. 13. The density of germanium in the crystalline and
liquid phases, as represented by the modified-Tersoff potential.
Data were collected along the isobar corresponding to zero
average pressure.

to the density, the Stillinger-Weber potential does predict
the energetics of the amorphous phase with considerably
more accuracy than either Tersoff or the MEAM. The
amorphous-crystal latent heat produced by the MEAM,
in fact, approaches that predicted by the MEAM for the
crystal to liquid transition. The structure of each amor-
phous phase is presented in Fig. 12, where the radial dis-
tribution function obtained from each potential is corn-
pared. The first-neighbor coordination for each amor-
phous phase may be calculated by integrating the radial
distribution function up to the first minimum. This pro-
cedure has been applied to the functions obtained here
for the Tersoff and MEAM potentials to obtain values of
4.16 and 4.65, respectively. Luedtke et al. report a coor-
dination for amorphous SW silicon of 4.21. Although the
SW and Tersoff results are in reasonable accord, the value
obtained from the MEAM potential is somewhat too
high. This provides more evidence that the low-
temperature disordered phase produced by the MEAM is
not representative of amorphous silicon.

V. PHASE DIAGRAMS FOR TERSOFF
AND MEAM GERMANIUM

obtained using the isothermal-isobaric (NPQ simulation
code that was developed for the silicon systems. The
configurational energies and densities of Tersoff germani-
um in the crystalline and liquid phases are shown in Figs.
13 and 14. The modified-Tersoff potential predicts a
liquid germanium phase that is denser than the crystal at
the melting point by approximately 6.8%. This compares
well with the experimental value, which is approximately
7.1%, ' although the melting temperature of the Ter-

O
O

I

~cu

~ I

+O

Procedures like those described above were also used
to characterize the solid and liquid phases of germanium
as described by the Tersoff and MEAM potentials. Re-
sults were generally less favorable than those obtained for
silicon.

Tersoff germanium was studied using the same method
that was used for Tersoff and MEAM silicon. The melt-
ing point of Tersoff germanium was determined using the
method of Landman et al. to be 2554+38 K, which is ap-
proximately twice the experimental value of 1210 K.
Data for the various phases of Tersoff germanium were

O
O

I p

I I

1000 2000 3000
Temperature (K)

4000

FIG. 14. The configurational energy of germanium in the
crystalline and liquid phases, as represented by the modified-
Tersoff potential. Data were collected along the isobar corre-
sponding to zero average pressure.
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soff system is far above the experimental value. The la-
tent heat of melting was found to be 0.465 eV/atom, or
44.9 kJ/mol. This may be compared to the experimental
value of the latent heat, 36.9 kJ/mol. Finally, the
room-temperature heat capacity at constant pressure for
crystalline germanium was calculated with the Tersoff
potential to be 0.37 J/gK. This is in general accord with
the experimental value of 0.322. '

An attempt was made to determine the melting point
of MEAM germanium using the method of Landman
et al. A crystalline system exposing the (100) orientation
to vacuum was created and equilibrated for 50000 MD
time steps at a temperature of 1000 K. Energy was added
to the system using the method of energy carriers de-
scribed in Ref. 39 over a time period of 2 ps. The system
temperature rose to approximately 2000 K after the addi-
tion of energy, but no melting occurred. Further simula-
tion of this system showed that the crystal was stable at
this temperature. An attempt was made to add more en-

ergy into the system and the system temperature rose
above 2500 K. Significant evaporation of germanium oc-
curred at this temperature without the establishment of a
stable liquid phase. It was unknown whether the failure
to establish a liquid was due to a weakness of the MEAM
germanium potential, or whether energy was added to the
simulation ce11 at a rate that was too great to allow
thermal equilibration of the deposited energy. The simu-
lation was, therefore, repeated with a pulse length of 5 ps
with a simulation cell whose temperature was 2000 K.
The system once again did not melt, but rather, evaporat-
ed. A final effort to produce a MEAM germanium sys-
tem with a solid-liquid interface was carried out by using
the equilibrium solid-liquid MEAM silicon system as in-
put. This system had an equilibrium temperature of 1475
K. The identity of the atoms was changed and a
constant-energy simulation performed. The liquid quick-
ly began to solidify, causing the system temperature to in-
crease. The temperature reached a value between 2000
and 2500 K in a time of 50 ps. The simulation was halted
at this point and efforts to obtain an interfacial MEAM
germanium system were abandoned.

The phase diagram of MEAM germanium was studied
using the isothermal-isobaric (APT) simulation code that
was described in Sec. IV. Heating of crystalline MEAM
germanium began at 500 K and continued in increments
of 500 K until a temperature of 2000 K was reached.
Heating of the crystal was halted at this point, since the
system had already superheated significantly with respect
to the experimental melting point of germanium, and,
since simulations of the interfacia1 system indicated an in-
stability near 2500 K.

Since previous efforts to produce liquid MEAM ger-
manium failed, an attempt was made to produce the
liquid by changing the identity of a bulk MEAM liquid
silicon system at a temperature of 1500 K. This system
was equilibrated for 50 ps and averages were collected for
a further 50 ps. The density and energy that were ob-
tained were plausible values for the liquid, except that the
density of the liquid was predicted to be less than that of
the diamond crystalline phase. This system was instan-
taneously heated to 2000 K and the equilibration and
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FIG. 15. The density of germanium in the crystalline and
liquid phases as represented by the MEAM potential. Data
were collected along the isobar corresponding to zero average
pressure.

00

~ I

+0
& ca

MEAM Germaniu

~ Crystal
~ Liquid

00
I p 1000 2000

Temperature (K)

FIG. 16. The configurational energy of germanium in the
crystalline and liquid phases as represented by the MEAM po-
tential. Data were collected along the isobar corresponding to
zero average pressure.

averaging process were repeated. Liquidlike values were
once again obtained, with the exception of the density
change already noted. Upon instantaneous heating of the
system at 2000 K to a temperature of 2500 K, a spon-
taneous transition to a gaseous state was observed within
a time of 100000 MD time steps (100 ps). In order to re-
move the possible effect of significant volume fluctuations
caused by instantaneously heating the system, data for
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FIG. 17. The temperature dependence of the density of crys-
talline germanium as represented by the Tersoff and MEAM po-
tentials.

VI. RAPID SOLIDIFICATION OF MEAM SILICON

The results presented in Sec. VI generally indicate that
the MEAM predicts the properties of the solid to liquid
transition in silicon fairly well. Although the model
seems to be somewhat "underbound, " resulting in solid

liquid MEAM germanium above 2000 K were obtained
by alternately heating the liquid at a rate of 10' K/s for
a period of 100 ps, followed by equilibration and averag-
ing at constant temperature for a further 100 ps. Infor-
mation was then obtained at intervals of 100 K. Slow
heating of the liquid resulted in stable configurations at
2100 and 2200 K, but the system spontaneously vapor-
ized during heating to 2300 K. Inspection of the result-
ing phase diagrams shown in Figs. 15 and 16 suggests
that the system at 2200 K might also turn to vapor if a
su%ciently long simulation were performed. The ap-
parent difference in quality between the MEAM descrip-
tions of silicon and germanium is puzzling. This
difference may be related to the fact that the pair poten-
tial portions of MEAM silicon and germanium are not
conformal, that is, they are not similar in shape. Al-
though the similarily between silicon and germanium
would lead one to expect similarly shaped pair potentials,
this is not the case. The origin of this difference in the
pair potentials was not investigated.

The density of crystalline germanium predicted by the
Tersoff and MEAM potentials can also be compared to
experiment. The data, displayed in Fig. 17, show in gen-
eral that the agreement is no better for germanium than
for silicon. The crystalline density given by the MEAM,
for example, is in error by —2.2% at 500 K, and in-
creases at higher temperatures. Although the Tersoff po-
tential is more accurate than the MEAM in this regard, it
is in error by —1.3% at 500 K.

and liquid densities and a melting point that are too low
with respect to experiment, the error in most properties is
less than 20%. It is of interest then to determine how
well the MEAM reproduces aspects of the nonequilibri-
um solid-liquid interface during a simulation of rapid
solidification.

A MEAM silicon system exposing the (100) system was
prepared for melting and solidification by equilibrating it
at a constant temperature of 1000 K for a period of 50 ps.
The temperature scaling was turned off and the system
was heated by subjecting it to a beam of energy carriers
using the method described in Ref. 39. The intensity of
the beam was Gaussian in time, with a density of 0.4
J/cm and a total length of 15 ps. The total absorbed en-
ergy density was 3.21 eV/A (5.14 mJ/cm ). A total of
2.43 keV (3.89X10 ' J) was absorbed. Melting initiated
at the vacuum surface and proceeded into the crystal un-
til a maximum melt depth of approximately 32 A was at-
tained 25 ps after the beginning of the heating process.
The interface temperature rose from its initial value of
1000 K during this heating process, reaching a maximum
value of approximately 2000 K after 10 ps of heating, or
shortly after the maximum intensity of the energy beam
was reached at a time of 7.5 ps. The interfacial su-
perheating drove the melting process, causing the inter-
face to cool. The interfacial temperature data were fitted
with a least-squares parabola to facilitate analysis. The
best-fit temperature at the maximum melt depth, which
corresponds to zero interfacial velocity, was found to be
1467 K, which is very close to the equilibrium melting
temperature of 1475 K. This indicates good agreement
between the melting points determined by the equilibrium
simulation methods. As energy was withdrawn from the
simulation cell by the heat bath, solidification of the
liquid layer began. The liquid was completely crystal-
lized after a time of 115 ps. The melt and temperature
history of the sample is shown graphically in Fig. 1S,
where the melt depth and interfacial temperature are
shown as functions of time. The results of two different
methods of analysis are shown for the melt depth. The
data points, shown as filled circles, are the result of using
the radial distribution function and singlet density profile
to determine the average position of the interface. The
curve is the result of a method whereby the dynamic
number of liquid atoms in the system is calculated. The
criterion used here to define a "liquid atom" was simply
to declare an atom without fourfold coordination to be
liquid. Although this definition is not unique, it is anoth-
er route to the interfacial velocity. The temperature data
were acquired using the melt depth calculated from the
radial distribution function and density profile. It is ap-
parent from the data that the interface continued to cool
during solidification, i.e., no steady-state undercooling
was established.

The interfacial velocity was calculated by fitting the
melt depth data with a least-squares parabola. The re-
sulting fit is shown in the top graph of Fig. 18 as a solid
line. Although the solidification velocity increases con-
tinuously as the interfacial undercooling increases, it is
clear that the crystal is growing at a rate that is unreal-
isitically high for (100) silicon. The regrowth velocity at
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FIG. 18. The melt depth and temperature history of a none-
quilibrium molecular dynamics (NEMD) simulation of melting
and rapid solidification for MEAM silicon. The temperature
shown corresponds to the temperature of those atoms in the in-
terfacial region between solid and liquid.

a time of 80 ps, for example, is 43 m/s. The interfacial
temperature at this time is approximately 1275 K, which
represents a 200 K or 14% undercooling with respect to
the equilibrium melting temperature. At the same per-
centage undercooling, the Stillinger-Weber potential pre-
dicts an interfacial velocity of approximately 15 m/s. "
Furthermore, the maximum interfacial velocity at which
solidification will yield crystalline silicon has been experi-
mentally determined to be 15 m/s. ' Experiments have
shown that regrowth above this rate yields the amor-
phous phase, rather than crystal. Solidification in the
MEAM system produced defect-free crystal at a velocity
of 43 m/s, which represents a serious error.

The unphysically large solidification velocities ob-
served in the MEAM system may be due to the fact that
MEAM silicon has a diffusion coefficient of 1.16X 10
cm /s at a temperature of 1475 K, while the correspond-
ing value for Stillinger-Weber is 6.94X10 at a temper-
ature of 1691 K. The MEAM silicon diffusion coefficient
is, in general, twice as large as that predicted by the
Stillinger-Weber potential. Since the regrowth velocity is
directly proportional to the diffusion coefficient in the
Wilson-Frenkel formulation, this accounts for much of
the discrepancy between the regrowth velocities using the
MEAM and Stillinger-Weber potential model. It should
be noted that the larger atomic mobility found in MEAM
liquid silicon may be related to the low liquid density pre-
dicted by the MEAM.

VII. SUMMARY

The properties of silicon and germanium as modeled by
the modified- Tersoff and modified-embedded-atom

method have been examined. The properties of crystal-
line and liquid silicon were found to be adequately
modeled by the MEAM, although the level of agreement
with experiment was not as good as was obtained previ-
ously by Broughton and Li using the Stillinger-Weber po-
tential. Both the crystalline and liquid phases were found
to be less dense than is observed experimentally, and the
melting point of 1475 K is approximately 14% lower
than the experimental value of 1683 K. The latent heat
of melting was found to be 35.0 kJ/mol, which compares
poorly with the experimental value of 50.6 kJ/mol, but is
slightly better than the value of 30.9 kJ/mol predicted by
SW. The liquid-phase diffusion coefficient was found to
be approximately twice that predicted by the Stillinger-
Weber potential, which led to unrealistic resolidification
velocities during a nonequilibrium molecular-dynamics
simulation of laser melting and regrowth. The MEAM
was found to model the amorphous phase of silicon rath-
er poorly. A maximum in the liquid density was found at
a temperature of 900 K, but the lower densities that were
found by slowly quenching below this value were still
substantially greater than those of the crystal at the same
temperature. The density of this disordered phase at a
temperature of 300 K, for example, was 2.387 g/cm,
which is too large in comparison to the range of 1.71—2.2
g/cm that is reported for amorphous silicon at this tem-
perature. The coordination of MEAM amorphous silicon
is approximately 4.65, which is too large compared with
the experimentally observed coordination range of
4.0—4.25.

Although the properties of crystalline silicon are
modeled well by the modified-Tersoff potential, those of
the liquid phase are not reproduced well. The major er-
ror was found to be the predicted melting point of 2547
K, which is approximately 850 K too large. The coordi-
nation of Tersoff liquid silicon was found to be approxi-
mately 4.6, which is lower than the experimental value of
6—8. The liquid was found to spontaneously nucleate the
amorphous phase upon cooling from 2500 to 2000 K. No
effort was made to further resolve the transition tempera-
ture. The amorphous phase that is obtained upon further
cooling to room temperature has a structure that is in
general agreement with that produced by the Stillinger-
Weber potential. The latent heat of the crystal to amor-
phous transition at room temperature, however, is 27.0
kJ/mol, which does not compare well with the SW value
of 15.4 kJ/mol, nor with the experimental -value of 11.9
kJ/mol.

The MEAM potential was found to model the liquid
phase of germanium very poorly. Efforts to obtain a
stable solid-liquid interfacial system failed, resulting in-
stead in evaporation of the disordered solid. Bulk
MEAM liquid germanium was obtained by switching the
identity of a moderate temperature MEAM liquid silicon
configuration. This system was stable to a temperature of
2200 K, but vaporized during a slow heating of 10' K/s
from this value. Although the Tersoff potential was
found to produce a stable solid-liquid system for germani-
um, the predicted melting point of 2554 K compares
poorly to the experimental value of 1210 K. The rather
poor description of germanium afforded by these two po-
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tentials casts serious doubt on their ability to successfully
model disordered phases of silicon-germanium alloys.
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