ISSN 1087-6596, Glass Physics and Chemistry, 2006, Vol. 32, No. 1, pp. 99-105. © Pleiades Publishing, Inc., 2006.
Original Russian Text © A.E. Galashev, V.A. Polukhin, L.A. Izmodenov, O.R. Rakhmanova, 2006, published in Fizika i Khimiya Stekla.

Simulation of Noncrystalline Silicon Nanoparticles:
A Computer Experiment
A. E. Galashev*, V. A. Polukhin**, I. A. Izmodenov***, and O. R. Rakhmanova***

* Institute of Thermal Physics, Ural Division, Russian Academy of Sciences,
ul. Amundsena 106, GSP-828, Yekaterinburg, 620219 Russia

** Institute of Metallurgy, Ural Division, Russian Academy of Sciences,
ul. Amundsena 101, GSP-828, Yekaterinburg, 620219 Russia

*** Institute of Industrial Ecology, Ural Division, Russian Academy of Sciences,
ul. S. Kovalevskoi 20a, GSP-594, Yekaterinburg, 620219 Russia
Received January 13, 2005

Abstract—The physical properties of vitreous and amorphous silicon nanoparticles containing 300, 400, and
500 atoms are investigated by the molecular dynamics method. For a limited number of degrees of freedom, the
internal energy of the amorphous phase is often less than the internal energy of the vitreous phase. The structure
of the central region of silicon nanoparticles is studied in detail by constructing Voronoi polyhedra, which make
it possible to determine the mean length of bonds and their number. The differences between the structures of
nanoparticles in the amorphous and vitreous states are determined by the differences in the distribution of
angles between Si—Si bonds and the distribution of bond lengths. Local arrangements of atoms in vitreous sil-
icon nanoparticles are characterized by larger variations in the interatomic distances. The self-diffusion coeffi-
cients determined from mean-square atomic displacements are smaller for amorphous nanoparticles due to

dominant diffusion over dangling Si—Si bonds.
DOI: 10.1134/S1087659606010135

INTRODUCTION

The structure of solid clusters formed by several
tens of atoms every so often does not correspond to the
crystal lattice of a bulk solid [1]. Silicon clusters con-
taining of the order of twenty atoms have a large num-
ber of isomers and are characterized by a wide variety
of atomic arrangements [2]. A spherical shape of sili-
con clusters is considered equilibrium when clusters
involve more than 28 atoms [3]. Ab initio calculations
were performed in order to reveal sizes at which silicon
clusters transform into a diamond-like structure [4]. It
was demonstrated that the structure of clusters contain-
ing 100 and more atoms can transform into a bulk struc-
ture. However, when hydrogen is adsorbed on the sur-
face of silicon clusters, smaller sized clusters have a
tendency toward formation of the bulk diamond struc-
ture due to the saturation of dangling bonds [5].

Hereafter, for definiteness, the solid state formed not
from a liquid (i.e., not by quenching a melt) will be
referred to as the amorphous state. The glass will be
considered to mean a nonequilibrium solid state formed
through rapid supercooling of the liquid. According to
[6, 7], this system undergoes amorphous-liquid and lig-
uid-liquid first-order transitions. However, molecular
dynamics simulations with the use of the Stillinger—
Weber potential revealed only one (liquid-liquid) tran-
sition at 1060 K [8—10]. There are many works devoted
to investigations into the properties of bulk silicon [11-
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14] and small-sized clusters consisting of silicon atoms
whose number does not exceed 50 [15-17]. The physi-
cal properties of silicon clusters containing from 30 to
480 atoms were studied by Zachariah et al. [18]. It was
found that, over a wide range of temperatures (600 K <
T <2000 K), the structure of clusters corresponds to the
structure of vitreous silicon.

The purpose of this work was to simulate amor-
phous and vitreous silicon particles within the molecu-
lar dynamics model and to reveal the differences
between the energies, structures, and kinetic properties
of nanoparticles in the vitreous and amorphous states.

THE STILLINGER-WEBER POTENTIAL

The interatomic interaction potential @ proposed by
Stillinger and Weber [19] consists of two terms, so that
the potential energy U can be represented in the form

U = 8A|:zq)z('j2)(rij) +%Z‘P§?£(m, rik)i|’ (D

(i, j) (jik)

where the parameter €A is the energy at which the
required covalent bonding is attended in a dynamic sys-
tem. This energy ensures realistic stretching vibrations
of atoms. The parameter A in relationship (1) fulfils an
auxiliary function providing the satisfaction of the con-
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Parameters of the Stillinger—Weber potential

Parameter Crystalline Amorphous state
or liquid silicon of bulk silicon

g, eV 2.16826 1.64833

A 7.049556277 7.049556277

B 0.6022245584 0.6022245584

o, nm 0.20951 0.20951

p 4 4

a 1.8 1.8

A 21.0 31.5

Y 1.2 1.2

dition A®;” (™) =1 for the pair potential at the min-
imum.

The contribution of pair interactions to the potential
@ is defined as

ch("Z)(rzj)

]

- [o3) " el oo

and the contribution of three-particle interactions is
written in the form

2)

& (r. 1) = [ i L }
jik(Fyp Ti) = €Xp rij/G—a+rik/0_a

3)
X (088, — c0s8°)’@(a - r,/6)O(a - /o).

Here, a, B, p, and y are empirical parameters; O(x) is the
Heaviside step function; and 6° is the tetrahedral angle
(cosB® = —1/3). The intensity of bending vibrations is
defined by the quantity €A. Atomic displacements
responsible for the change in the bond angle are pre-
dominantly associated with the three-particle interac-
tions. The parameters used are listed in the table. The
chosen parameter ¢ provides the fulfillment of the

equality ACI)EJ»Z) (26) = 0. The parameters listed in the

second column of the table were obtained with the use
of experimental data for crystalline and liquid silicon.
The potential parameters in the third column of the
table served for simulating the bulk amorphous phase
of silicon [20]. These parameters were determined by
fitting the calculated values of the bulk modulus, Pois-
son ratio, velocity of sound, and density to the experi-
mental data.

COMPUTATIONAL MODEL

Numerical integration of the equations of motion
was performed using the Verlet algorithm [21], which
includes the direct calculations of particle velocities.
This algorithm is one of the most stable algorithms, on
the one hand, and makes it possible to control the tem-
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perature in the model with a sufficient accuracy, on the
other hand. The time step A7 was equal to 107! s. The
calculations were carried out for the systems containing
300, 400, and 500 Si atoms. At each nanoparticle size,
the disordered solid state was simulated in two different
ways. In the first case, a nanoparticle in the initial state
had a crystal structure with a diamond-like lattice, i.e.,
a structure of bulk crystalline silicon. The vitreous state
was simulated as follows. At the first stage of calcula-
tions, the crystalline nanoparticle was held at a temper-
ature of 3000 K for 1000000 time steps. In this time
interval, the nanocrystal melted and acquired a struc-
ture of the liquid nanoparticle. Then, the system was
rapidly cooled in the course of the next 1000000 time
steps. The cooling rate was approximately equal to
0.0027 K/step, i.e., approximately 2.7 x 10" K/s.
Toward the end of this stage of calculations, the nano-
particle temperature was 300 £ 50 K. Thereafter, the
structural relaxation of the rapidly cooled nonequilib-
rium nanoparticle was simulated for 1000000 time
steps at a temperature of 300 K. As a result, we obtained
the system in the vitreous state with a limited number
of degrees of freedom. The amorphous state of nano-
particles was simulated in another way. Preliminarily, a
configuration with a loose irregular atomic arrange-
ment, in which the distances between each Si atom and
geometric neighbors did not exceed 0.3 nm, was pro-
duced by a random-number generator in a spherical
region of the corresponding size. The relaxation of this
structure was performed in two stages at a temperature
of 300 K. The first stage involved 10000 time steps At.
At this stage, the interaction between Si atoms was
described by the Stillinger—Weber potential with the
parameters used for simulating the bulk amorphous
phase of silicon [19] (see the table). The calculations
led to a considerable decrease in the nanoparticle vol-
ume and interatomic distances. The time of these calcu-
lations was limited in order to avoid the atomic overlap
determined by comparing the interatomic distances
with the parameter 6. The Stillinger—Weber potential
with the parameters proposed for simulating bulk amor-
phous silicon appeared to be inappropriate for simulat-
ing amorphous Si nanoparticles. When the properties of
the Si nanoparticle were calculated by the molecular
dynamics method for a few tens of thousands of time
steps with the potential parameters given in the third
column of the table, Si atoms coalesced in the system.
In a rough approximation, these calculations can be
treated as the simulation of forming the silicon nano-
particle in a noble-gas medium when collisions of gas
molecules with Si atoms lead to the formation of the
nanoparticle. The amorphous state of nanoparticles was
also simulated using the Stillinger—Weber potential
with the parameters from the second column of the
table, i.e., the parameters proposed by Vink et al. [20].
The relaxation of the obtained amorphous state was
carried out for 1000000 time steps. The configurations
of the Sisy, nanoparticle in the vitreous and amorphous
states are depicted in Fig. 1. It can be seen from this fig-
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Fig. 1. Configurations of the Siz nanoparticle in the (a) vitreous and (b) amorphous states. Instant of time, 100 ps; 7'= 300 K.

ure that the vitreous nanoparticle, especially in the cen-
tral region, is characterized by a closer packing. The
surface atoms of the vitreous particle form a loose
layer. The amorphous nanoparticle has a different struc-
ture with a looser atomic packing. The central region is
inhomogeneous and contains close-packed fragments
and holes that are absent in the structure of the vitreous
nanoparticle.

The structure of larger sized particles reflects the
main features of the structure of the Sis, nanoparticles.
Figure 2 shows the densities of spherical concentric lay-
ers of the vitreous (curve /) and amorphous (curve 2)
Sisy, nanoparticles. The mean density of the vitreous
nanoparticle (Fig. 2, straight line 3) is higher than that
of the amorphous nanoparticle (Fig. 2, straight line 4)
but is lower than the density of the crystal (Fig. 2,
straight line 5). The density in the central region of the
vitreous Sis, nanoparticle is higher than that of the cor-
responding amorphous particle. The changeover from
the packing with a high density to the packing with a
low density is not so sharp as for the amorphous nano-
particle. On the whole, the amorphous nanoparticle is
characterized by a more uniform density distribution
and has a thinner surface layer with the density lower
than the mean density.

INTERNAL ENERGY

The time dependences of the internal energy U for
the vitreous and amorphous nanoparticles are shown in
Fig. 3. After quenching (¢ = 0), the internal energies dif-
fer substantially depending on the nanoparticle size. At
this instant of time, the Siy,, and Si,,, nanoparticles
have the lowest and highest internal energies, respec-
tively. However, even within 50 ps, the internal energies
of the nanoparticles become close to each other and the
structural relaxation of the vitreous state, for the most
part, is completed. Subsequently, the internal energies
U fluctuate with respect to their quasi-equilibrium val-
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ues. At the end of calculations, the Sis,, and Siy, vitre-
ous nanoparticles have the lowest and highest internal
energies, respectively. Note that the internal energy of
the Sisy, nanoparticle (—3.75 eV) is close to the internal
energy calculated for the Sijg, particle by Zachariah
etal. [18] at T = 600 K with the use of the Stillinger—
Weber interaction potential. The inset to Fig. 3 shows
the behavior of the internal energy during the simula-
tion of the amorphous state. In this case, the nanoparti-
cle state obtained after short calculations that simulate
the condensation of silicon atoms in a noble gas is taken
as the state at the initial instant of time. The calculations
whose data are presented in the inset to Fig. 3 can be
considered the simulation of the condensation of Si
atoms in vacuum at a considerably lower rate. The
internal energy of the system at this stage depends
strongly on the number of atoms contained in the nano-
particle. For the Sisy, nanoparticle, the internal energy

n, atoms/nm>

100

50

Fig. 2. Radial atomic density distributions for the (/) vitre-
ous and (2) amorphous Sis nanoparticles, mean densities

of the (3) vitreous and (4) amorphous Sis, nanoparticles,
and (5) the density of crystalline silicon.
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0 20 40 60 80  t,ps

Fig. 3. Time dependences of the internal energy of the (I, 4)
Sizgg, (2, 5) Siggg, and (3, 6) Sisq silicon nanoparticles in
the (/-3) vitreous and (4—6) amorphous states.

U initially decreases, then (beginning with ¢ = 30 ps)
increases to U = -3.4 eV, and remains unchanged at
times longer than r = 60 ps. The internal energy of the
Sisg nanoparticle decreases with strong fluctuations in
time. The internal energy of the Sisy, nanoparticle
decreases more smoothly. The final energy U for the

(@)
3

(a)

—_
T

nanoparticles in the amorphous state, as a rule, is lower
than that for the nanoparticles in the vitreous state. The
exception is provided by the Sisy, nanoparticle whose
energy in the amorphous state is higher than that in the
vitreous state.

STRUCTURE OF NANOPARTICLES

Structural transformations at different stages of sim-
ulation can be traced from a change in the distribution
of bond angles ¢. The bond angle is considered to mean
an angle whose vertex is located at the center of one of
the Si atoms and whose sides (Si—Si segments) do not
exceed 0.3 nm. This distance is close to the length
parameter in the flexible Morse potential describing the
Si—Si interaction [22]. The distributions of angles ¢ that
characterize the states of the Sis,, nanoparticle at differ-
ent stages of simulation are depicted in Fig. 4. At the
first three stages of calculations performed in order to
simulate the vitreous state, the main maximum in the
distributions of angles ¢ is observed at 60°. At 7=3000 K
(first stage), there appears a peak at @ = 114° in the dis-
tribution of angles ¢. Note that the angle ¢ = 109.5°
corresponds to the tetrahedral coordination of atoms.
Rapid cooling (second stage) is accompanied by an
increase in the height of the peak at an angle of 108°.

©
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Fig. 4. Distributions of angles ¢ between Si—Si bonds in the Si3(, nanoparticle (a) during melting of the crystalline nanoparticle,
(b) in the course of quenching, and in the (c) vitreous and (d) amorphous states.
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Fig. 5. Distributions of distances between the nearest geometric neighbors in the Sis(, nanoparticle (a) during melting of the crys-
talline nanoparticle, (b) in the course of quenching, and in the (c) vitreous and (d) amorphous states.

During the relaxation of the glass structure (third
stage), there arise a broad peak in the vicinity of the
angle ¢ = 114° (with a sharp maximum at 117°) and a
pronounced peak at ¢ = 102°. The amorphous state of
the nanoparticle (fourth stage) is characterized by a
considerable increase in the intensity of the distribution
of angles ¢ in the angle range that corresponds to the
coordination of atoms in the diamond lattice with a
sharp maximum at ¢ = 108°. In this case, the peaks at
angles of 60° and 108° are comparable in intensity.

The Si-Si bond lengths in the nanoparticles were
determined by constructing Voronoi polyhedra. The
faces of Voronoi polyhedra determine the nearest geo-
metric neighbors. The mean distance to the nearest
neighbors within the interaction range (R < 0.37 nm)
was taken as the Si—Si bond length L. The distributions
of Si-Si bond lengths thus obtained in the Sis,, nano-
particle at different stages of simulation are shown in
Fig. 5. At T = 3000 K, the distribution of bond lengths
L, has a bimodal form. In the silicon melt, there are two
specific distances that characterize the mutual arrange-
ment of neighbors, namely, in dense local groupings
and between atoms of adjacent groupings. During rapid
cooling of the system, there appear five maxima with
the main maximum at L, = 0.2 nm in the distribution of
bond lengths L,. Most likely, this stage is attended by
the formation of many types of groupings with different
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atomic arrangement. Upon relaxation of the quenched
state (Fig. 4c), the number of peaks in the distribution
of bond lengths L, decreases to three. The most intense
peak is shifted toward the right; i.e., the distances in
dense local groupings somewhat increase. In the amor-
phous state, the distribution of bond lengths L, in the
nanoparticles exhibits two peaks: a dominant peak and
a split peak with a relatively low intensity. The former
peak associated with the dense local groupings of
atoms is located at a somewhat larger distance as com-
pared to the corresponding peak in the distribution of
bond lengths L, in the Sisy, vitreous nanoparticle. The
difference between the distributions of bond lengths L,
for the nanoparticles in the vitreous and amorphous
states suggests that their structures differ substantially.

THE SELF-DIFFUSION COEFFICIENT

The velocity autocorrelation functions for the Siyy,
nanoparticle in the vitreous and amorphous states are
depicted in Fig. 6a. The velocity autocorrelation func-
tion for the Siy, vitreous nanoparticle decreases mono-
tonically with time. However, this function does not
completely decay for 20 ps. In vitreous silicon nanopar-
ticles with the close packing and covalent bonding,
atomic velocities turn out to be strongly correlated in
time and slowly change their direction. As a conse-
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Fig. 6. (a) Velocity autocorrelation functions for the Sigg

nanoparticle in the (/) vitreous and (2) amorphous states
and (b) mean-square atomic displacements in the Siggg

nanoparticle (/) in the course of quenching and in the
(2) vitreous and (3) amorphous states.

quence, the velocity autocorrelation function decays
slowly. Since the vitreous silicon particles have struc-
tures with low-coordination short-range order and rigid
covalent bonds, the translational motion of atoms
occurs through trajectories with characteristic tangen-
tial portions and orbital bending around centers with
the strongest bonds [23]. The situation changes drasti-
cally in the case of the amorphous state. A looser pack-
ing and the presence of holes provide considerably
faster switching of Si bonds. This favors a more rapid
decay of the velocity autocorrelation function. How-
ever, in this case, too, the velocity autocorrelation func-
tion does not intersect the abscissa axis, i.e., does not
take on negative values. The self-diffusion coefficients
cannot be determined from this function. The time
dependences of the mean-square atomic displacement
(Ar?)(?) for the Si,, nanoparticle in the course of rapid
cooling and structural relaxation to the vitreous state
and also for this nanoparticle in the amorphous state are
depicted in Fig. 6b. It can be seen from Fig. 6b that the
largest atomic displacements are observed in the course
of quenching (rapid cooling). The mean atomic dis-
placements in the vitreous nanoparticles are always
larger than those in the amorphous nanoparticles. The
self-diffusion coefficients of atoms were determined
from the relationship

2
D = im {870 4
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where ¢ is the time interval in which the displacement
occurs. The self-diffusion coefficients of atoms in the
vitreous silicon nanoparticles at 300 K are equal to
(0.109 £ 0.001) x 1071 m?/s. The self-diffusion coeffi-
cients D for the amorphous silicon nanoparticles fall in
the range (0.054-0.097) x 101 m?/s. The experimental
diffusion coefficient in a surface region of silicon at 7=
1273 K is equal to 0.04 x 107 m?/s [18], i.e., is approx-
imately 2.7 times smaller than that for the amorphous
nanoparticles studied in our work. However, our self-
diffusion coefficients D are in good agreement with the
self-diffusion coefficient (0.203 x 1071 m%s, T =
600 K) calculated for the Si,g, vitreous particle in [18]
with the use of the Stillinger—Weber potential. Note
that, according to Zachariah et al. [18], the Stillinger—
Weber potential underestimates the binding energy in
bulk silicon; as a result, the computer experiment leads
to an overestimated value of the surface diffusion coef-
ficient. It should also be noted that the tight-binding
molecular dynamics simulation of bulk silicon [24] also
predicts the self-diffusion coefficients D larger than
those obtained in experiments. In real physical experi-
ments, it is difficult to eliminate surface oxidation that
decreases the self-diffusion coefficient.

CONCLUSIONS

Covalent interactions govern specific properties of
silicon, such as a high permittivity, a change in the sign
of the temperature coefficient of thermal expansion at
T =120 K, etc. The transformation of materials into an
ultradispersed state leads to a qualitative change in their
properties. The nanoparticle sizes are frequently com-
parable to a characteristic scale of a physical phenome-
non. In the majority of cases, unusual properties of
nanomaterials manifest themselves when nanoparticle
sizes become less than 100 nm. The characteristic size
of the silicon nanoparticles under investigation is
approximately equal to 3-3.5 nm. A large number of
bonds in these nanoparticles are shorter than covalent
bonds in silicon crystals. As is known, the presence of
short bonds favors the metallization of silicon states. A
decrease in the mobility of silicon atoms leads to an
increase in the degree of bond covalency and is respon-
sible for the crossover from a metallic behavior to a
semiconducting behavior. The performed calculations
demonstrated that bonds in vitreous and amorphous sil-
icon nanoparticles differ radically from a diamond-like
tetrahedral network of bonds. In this case, there is a
clear tendency to the formation of angles between adja-
cent bonds that differ from an angle of 109.5°. In the
structures of nanoparticles in both the vitreous and
amorphous states, bonds form the angle ¢ = 60°, to a
considerable extent, due to the irregular atomic pack-
ing. However, the second peaks in the distributions of
bond angles ¢ in the vitreous and amorphous nanopar-
ticles are observed at different angles. Compared to the
amorphous silicon particle, the vitreous silicon nano-
particle is characterized by the distribution of bond
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angles ¢ in which the location of the second peak is
closer to a bond angle of 109.5°.

When studying differences between the physical
properties of vitreous and amorphous silicon nanoparti-
cles, important information can be obtained by calculat-
ing the self-diffusion coefficients. The largest self-diffu-
sion coefficients were derived for the vitreous silicon
nanoparticles, which have a dense atomic packing in the
central region and a loose packing at the periphery. The
amorphous silicon nanoparticles with a more uniform
density distribution in the radial direction possess
smaller self-diffusion coefficients. Possibly, this is asso-
ciated with the fact that diffusion in nanoparticles occurs
over Si—Si dangling bonds whose number in the vitreous
silicon nanoparticles, as a rule, is larger than the number
of dangling bonds in the amorphous silicon nanoparti-
cles. Therefore, the amorphous silicon nanoparticles
characterized by smaller self-diffusion coefficients pref-
erably acquire semiconductor properties as compared to
the vitreous silicon nanoparticles. An increase in the
density of dangling bonds allows one to identify more
reliably structural defects. In this case, the diffusion pro-
cess in noncrystalline silicon particles can be treated as
the formation, interaction, and migration of defects. In a
number of cases, diffusion can proceed through the
mechanism of relay-race switching of dangling bonds.
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