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Molecular dynamics simulation of the local inherent structure of liquid silicon
at different temperatures
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Constant-volume and constant-temperature molecular dynamics simulations have been performed to study
the inherent structural properties of liquid silicon (l -Si) at different temperatures by using Tersoff potential.
Our results first show that the 50°–60° peak in bond angle distributions decomposes into two peaks, which are
located 52° and 60°, and a new peak at 75° appears; the 52° peak disappears with a small cutoff distance. The
bond length of bonds contributing to 52° peak is much greater than the cutoff distance of covalent bond. The
height of 52° peak at first increases and then decreases with temperature, and has a maximum at a certain
temperature. The probability of the covalent bonds whose bond angle is greater than 67° shows an anomalous
decrease at a certain temperature. These anomalous features may play an important role on the anomalous
behavior of some physical properties inl -Si such as electrical resistivity. The height of 60° and 75° peaks
increases with temperature.@S0163-1829~99!04229-0#
.
ra
ls
ic
tin
nt

o
n

e

in
ur

a
m

ti

t
-
r

o
i

e
ie
a
h

th
he
ge
lt

ber,
or-
no-
ved
r

vior

l
se.
ro-
-
ity
-

elt-
are

a
go-
c-

the
em-

its
as

een
ous
-
nd

e
in

q-
fica-
I. INTRODUCTION

Most silicon ~Si! single crystals are grown from melts
Recent technological demands for Si devices require upg
ing of the quality and scaling up of the size of crysta
Dislocation-free single crystals are obtained only by restr
ing the condition in a temperature range near the mel
point. It has recently been pointed out that the fundame
physical properties including the atomic-scale structure
liquid silicon (l -Si) are required for understanding and co
trol of the crystallization mechanism.1

l -Si has several intriguing and poorly understood prop
ties. Upon melting, the density of Si increases by;10%,2

and its structure goes from an open structure with coord
tion number equal to 4 to a more compact liquid struct
characterized by a coordination number exceeding 6.3,4 l -Si
is metallic; in contrast, the crystal and the amorphous ph
are semiconducting. The experimentally determined ato
structure factor ofl -Si exhibits peculiar features,3,4 and its
static structure factor strongly differs from that characteris
of simple liquid metals. The low coordination ofl -Si indi-
cates a persistence of covalent bonding in the liquid.

Recently, anomalous temperature dependence of
physical properties ofl -Si have been observed in the tem
perature range just above the melting point of Si by Kimu
and co-workers, such as the density,5 the surface tension,6

the viscosity,7 and the electrical resistivity.8 For temperatures
lower than about 1430 °C, the density and the viscosity sh
a steep increase. Above 1425 °C, the surface tension
creases with decreasing temperature with the temperatur
efficient being negative, however, the temperature coeffic
of the surface tension becomes positive at about 1425 °C
returns to a negative value just above the melting point. T
temperature coefficient of the resistivity is negative near
melting point of Si and positive for higher temperature, t
resistivity of molten Si shows a local minimum in the ran
from 1450–1500 °C. They suggest that changes in the me
PRB 600163-1829/99/60~5!/3194~6!/$15.00
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structure, such as interatomic distance, coordination num
and local ordering, lead to this anomalous behavior. A th
ough understanding of this anomalous behavior is tech
logically important because the anomalous range is invol
in the crystal growth from molten Si. However, to ou
knowledge, the detailed analysis of the anomalous beha
has not been performed.

Molecular dynamics~MD! simulations provide a usefu
technique to analyze atomic structure of the liquid pha
Several empirical interatomic potential for Si have been p
posed by many investigators.9 Recently, the potential pre
sented by Tersoff10 have been used to investigate the valid
of this potential forl -Si,11,12 and it is found that this poten
tial is very useful for the structural analysis ofl -Si ~Ref. 10!
though the Tersoff potential overestimates greatly the m
ing temperature. The results of bond angle distributions
in good agreement with those obtained byab initio
calculations13 and tight-binding MD simulations.14 A peak
appears around 60° in the bond angle distributions ofl -Si
and increases slightly with temperature, which leads to
conclusion that a possible structure model is simple hexa
nal ~SH! structure.12 From these results and the static stru
ture factors ofl -Si recently measured by Wasedaet al.15 ~a
characteristic shoulder on the high-wave number side of
first peak has been found to become slightly obscure as t
perature increase!, the authors in Ref. 12 suggest that thel -Si
network may consist of not only the white-tin structural un
but also configurations with the closed-packed layer such
SH structure and believe that structural fluctuations betw
the white-tin and SH structure can be attributed to anomal
behavior of physical properties inl -Si near melting tempera
ture. However, it should be noted that the 60° peak in bo
angle distribution in Ref. 14~where it was considered to b
around 50°! was attributed to abundant floating bonds
l -Si.

An insightful approach to study the local structure of li
uid and amorphous states of matter is through the classi
3194 ©1999 The American Physical Society
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tion of atomic configurations, according to multidimension
potential-energy minima, that can be reached by steepes
scent paths in computer simulation of these systems.16 The
‘‘inherent structure’’ formalism is a way to partition the con
figuration space for the vibrations of an-body system into
various regions. Within each region there is one local m
mum of the potential-energy surface that can be reached
minimization algorithm. This process is the basis for the p
titioning of configuration space and the structure at lo
minimum is the inherent structure of the corresponding
gion. The idea of resolving observable order in liquid a
amorphous materials into the vibrational and the inher
structural parts offers a way to classify their microstructu
and to discover the kind of the short-range order in th
materials.

In this work, we present results of a microstructural stu
of l -Si using MD simulations and a conjugate gradient e
ergy minimization method to find its inherent structures
the multidimensional potential-energy surface given by
Tersoff potential. The main goal of this work is to investiga
the local inherent structural properties ofl -Si at different
temperatures and attempts to obtain some information on

FIG. 1. Distributiond(N) of local coordination inl -Si obtained
near melting temperature. The coordination shell is defined by
cutoff distance 3.1 Å.

FIG. 2. Bond angle distribution functiong3(u) at 3000 K. The
cutoff distance is 3.1 Å. The two dotted lines denote the location
two peaks.
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above anomalous temperature dependence of the phy
properties ofl -Si. In Sec. II we present the computation
methods. Section III contains the results and discussion
brief summary and the conclusion of this work are given
Sec. IV.

II. COMPUTATIONAL METHODS

In the present work, the Tersoff potential10 is employed to
model the Si atomic interaction. Tersoff has developed
different type of empirical interatomic potential for covale
solids. This potential is written as a Morse pairwise potent
but its attractive term depends on the local environment o
specific atomic pair which effectively includes many-bo
interactions. Although the Tersoff potential does not fit a
liquid-phase data, the qualitative feature of static proper
in the Tersoff liquid are in good agreement with those o
tained the experiments andab initio MD simulations.11,12

The MD calculations were performed under constant v
ume and constant temperature conditions. The system
sisting of 512 atoms subjects to periodic boundary con
tions. The density of MD cell was fixed at 2.57 g/cm3, which
agree with the density ofl -Si. The Newtonian equations o
motion were integrated using a velocity-Verlet algorith
with a time stepDt5231023 ps. First, the atoms were
placed on the diamond lattice sites and their initial velocit
were randomly given. Then, the system was heated up
desired temperature by rescaling the velocities of the p
ticles. The system is run for 30 000 time steps to guaran
an equilibrium liquid state. Another run of 12 000 time ste
at the given temperature is performed to obtain 60 confi
rations for analyzing the microstructural quantities. The te
peratures investigated were 2800, 3000, 3200, 3400, 3
and 3800 K. In the present study structural properties ofl -Si
are analyzed by two different methods.~1! By directly using
the obtained configurations, we calculate the structural pr
erties in order to compare our results with those in Re
12–14.~2! Following Stillinger,16 we first relax the system to
its closest local minimum by a conjugate gradient ene
minimization and then analyze the inherent structure. O
results are obtained by averaging 60 configurations.

III. RESULTS AND DISCUSSION

The distribution of the number of nearest-neighbor ato
in l -Si at 3000 K~the melting temperature is about 2750

e

f

FIG. 3. Bond angle distribution functiong3(u) at six different
temperatures. The cutoff distance is 3.1 Å. The four dotted li
denote the location of four peaks.
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3196 PRB 60C. S. LIU, Z. G. ZHU, JUNCHAO XIA, AND D. Y. SUN
by the Tersoff potential! is shown in Fig. 1. Our results in
dicate the presence of a broad distribution of local coordi
tion dominated by the sixfold one, and this is consistent w
the experimental result3 and that in Ref. 12.l -Si is rather
loosely packed as compared with most liquid metals wh
are more closely packed with a coordination;12. This indi-
cates a persistence of covalent bonding in the liquid, tho
the electronic properties ofl -Si are metallic.

Additional information on the local short-range order
l -Si can be obtained from higher-order correlation functio
The triplet correlations are particularly important since t
system retains some covalent bonding effects and has d
tional forces. This is conveniently measured by the bo
angle distributiong3(u). Here u is the angle between two
vectors that join a central particle with two nearest neig
-
h

h

h

.

c-
d

-

bors. Ourg3(u) with the cutoff distance of 3.1 Å at 3000 K
shown in Fig. 2, is rather broad with maxima centered
uu;53° and 92°, which are denoted asP1 andP2 , respec-
tively. This is in good agreement with that obtained byab
initio calculations13 and tight-binding MD simulations,14 and
the same as that in Ref. 12. We have also calculated b
angle distributions for atoms with various coordination nu
bers, which are the same as Fig. 6 in Ref. 12.

Based on the above results, we can see that the Te
potential is very useful for the structural analysis ofl -Si. In
the following, we study the local inherent structural inform
tion of l -Si at different temperatures by a conjugate gradi
energy minimization.

We have calculated the bond angle distribution functio
from the inherent structures at six different temperatures w
utoff
FIG. 4. Bond angle distribution functionsg3(u) for atoms with various coordination numbers at six different temperatures. The c
distance is 3.1 Å. The dotted lines denote the location of peaks.
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the cutoff distance 3.1 Å, as shown in Fig. 3. Our resu
indicate thatP1 decomposes into two peaks, one locates
52° (P1a) and another at 58° (P1b). The location ofP2
shifts to a high angle~98°! and a new peak (P2a) located
around 75° appears. With increasing temperature,P1a , P1b ,
and P2a show an observably increasing trend. In order
study the origin of these results, we further investigate so
bond angle distributions for atoms with coordination nu
bers 4, 5, 6, 7, and 8, which are respectively presente
Figs. 4~a!–~e!.

For the fourfold coordination, the bond angles are broa
distributed around the tetrahedral angle, suggesting the e
tence of the atomic clusters constructed bysp3 bonding even
in the liquid state. The average bond length of atoms w
coordination numbers 4 is;2.4 Å, which is quite close to
the bond length~2.35 Å! in crystal Si, and the largest bon
length is;2.6 Å. These results are in good agreement w
the ab initio results.13 These structural properties are inse
sitive to temperature. A similar bond angle distribution
found in amorphous Si. The presence in thel -Si of local
tetrahedron may play an important role in explaining why
is able to reconstruct easily a tetrahedral network upon c
ing. For the fivefold coordination, the main peak in bo
angle distribution locates around 101°, and the three pe
P1a , P1b , andP2a also appear, but the height of these thr
peaks is lower than the main peak. The height and width
the main peak is independent on the temperature, whe

FIG. 5. Bond angle distribution functiong3(u) at six different
temperatures. The cutoff distance is 2.9 Å.

FIG. 6. The relative probabilityP(52°) of bond angle 52°~63°!
found in the system at six different temperatures.
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the height ofP1a , P1b , and P2a shows a weak relation to
the temperature. For the sixfold coordination, the case
similar as the fivefold coordination, but the relative height
P1a andP1b significantly increase, particularly forP1a . For
seven- and eightfold coordination, theP2a disappears and
P1a becomes very high.

ThusP1a andP1b become prominent as the coordinatio
number increases, whereasP2a mainly comes from five- and
sixfold coordination, the positions of these three peaks
not depend on the coordination numbers. So
investigators17,18have proposed the existence of the white-
structure~which is sixfold coordinated and metallic! in l -Si
in order to reproduce the shoulder of the first peak in
static structure factor. The white-tin structure is composed
the four nearest neighbors and two next-nearest neighb
and the bond angles associated with these six neighbors
74.6°, 94.0°, 105.4°, 149.3°, and 180°. The position ofP2a is
;75°, which gives a position proof, but the appearance
fivefold coordination gives a negative answer. To the orig
of theP1(P1a1P1b), Kin and Lee14 think it attributes to the
abundant floating bonds inl -Si, while Ishimaruet al.12 think
it attributes to SH structure existed inl -Si. About these we
will also discuss in the following.

It is interesting to note that, with the choice of cuto
distance 2.9 Å, theP1a disappears in the bond angle distr
bution, which are presented in Fig. 5. From this figure,
can see thatP1b andP2a also appear in the bond angle di

FIG. 7. The enlargement of the 60° peak of Fig. 5. Inset:
sum of the probability of bond angles between 53° and 67° at
different temperatures.

FIG. 8. The relative probability of bond length less than 2.49
found in the system at six different temperatures.
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tribution, and the positions of these two peaks are 60°
75°, respectively. Our results of Figs. 3 and 5 indicate t
the P1a can be attributed to the floating bonds with bo
length between 2.9 and 3.1 Å. We turn back to calculate
relative probability of bond angle 52°~63°! found in the
system at six different temperatures with the choice of cu
distance 3.1 Å, as shown in Fig. 6. Figure 6 illustrates
change trend with the temperature of the relative probab
of bond angle 52° or the floating bonds with bond leng
2.9;3.1 Å, which at first increases, then decreases and h
maximum at a certain temperature.

An enlargement of the 60° peak of Fig. 5 is shown in F
7. From this figure, we clearly see that the height of this p
increases with temperature. While from the inset in Fig.
we cannot see an anomalous temperature dependence
60° peak. Therefore the anomalous physical properties
l -Si near the melting point may not be attributed to the str
ture with ;60° bond angles. We also calculate bond an
distribution for atoms with various coordination numbe
The results indicate that the 60° peak clearly appears in
ticles with 5, 6, 7, and 8 nearest neighbors. A similar feat
of the 75° peak has been observed, so their origin shoul
further studied in the future.

Based our present results, we now turn to the anoma
temperature dependence of some properties. In the pre
work, we will focus on the electrical property. The condu
tivity of metallic l -Si have been discussed in Refs. 13 a
19. In the melt Si, the current is carried both by electrons
charged ionic cores. The ionic contribution to the elect
current is negligible.13 Thus the current is mainly carried b
electrons. In Ref. 13, the authors studied the evolution of
valence electron density that accompanies atomic mot
Their analysis showed that covalent bonds almost alw
form between pairs separated by a distance less than;2.49
Å in l -Si. According to our results, the bond length of floa
ing bonds contributing to 52° peak is much greater than 2
Å. Hence these bonds are not covalent and show some c
acteristics of metallic bond. Therefore the greater the pr
abilities of these bonds, the more conduction electrons th
are, and the smaller the electrical resistivity is.

We have further calculated the relative probability of c
valent bonds whose bond angle is greater than 67° and b
length is less than 2.49 Å at different temperatures, show
Fig. 8. From this figure, we can see that the relation betw
the relative probability of covalent bonds and temperat
shows an anomalous decrease at 3400 K. We have also
culated the bond angle distributions with the choice of cut
distance 2.49 Å, which is in agreement with Fig. 3 in Ref.
and Fig. 2~a! in Ref. 14. The electrons forming a covale
bond tend to be partly localized in the region between
d
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two atoms joined by the bond. Hence the less the probab
of these bonds, the more conduction electrons there are,
the smaller the electrical resistivity. It should be pointed o
that this anomalous point is in agreement with that in the
peak.

Thus we can see that there are two different types
bonds which show different anomalous behavior. The on
covalent bonds; the other is the floating bonds contributing
52° peak, whose bond length is much greater that the cu
distance for covalent bonds. The former shows an anoma
decrease at 3400 K and the latter shows an anomalous
crease at 3400 K. According to the properties of these
types of bonds discussed above, the less the first typ
bonds and the more the second type of bonds are, the sm
the electrical resistivity is. Therefore the experimen
results,8 the temperature coefficient of the electrical resist
ity at first is negative and then positive with increasing te
peratures, the electrical resistivity of molten Si shows a lo
minimum in the temperature range from 1450–1500 °C, m
be reasonably explained by the temperature curves of th
two types of bonds.

IV. CONCLUSIONS

We have presented an extensive MD study of the inhe
structure properties ofl -Si at different temperatures. The re
sults are encouraging. The 50°–60° peak in bond angle
tributions decomposes into two peaks, which are locate
52° and 60°, and a new peak at 75° appears; the 52° p
disappears with a small cutoff distance. The height of the
peak shows an anomalous temperature dependence, a
increases and then decreases with increasing tempera
while the height of 60° and 75° peaks show a monoton
temperature dependence, that is, they increase with temp
ture. The probability of those covalent bonds whose bo
angle is greater than 67°, shows an anomalous decrease
certain temperature. The anomalous characteristics of
height of the 52° peak and the probability of those coval
bonds may play an important role on the anomalous beha
of some physical properties inl -Si such as electrical resis
tivity near the melting point. The origin of 60° and 75° ma
not simply attribute to SH and white-tin structure, and d
serves more extensive study.
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