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Abstract The stability of different silicon nanopar-
ticles are investigated at a high temperature. The
temperature dependence of the physicochemical prop-
erties of 60- and 73-atom silicon nanoparticles are
investigated using the molecular dynamics method.
The 73-atom particles have a crystal structure, a
random atomic packing, and a packing formed by
inserting a 13-atom icosahedron into a 60-atom
fullerene. They are surrounded by a “coat” from 60
atoms of hydrogen. The nanoassembled particle at the
presence of a hydrogen “coat” has the most stable
number (close to four) of Si—Si bonds per atom. The
structure and kinetic properties of a hollow single-layer
fullerene-structured Sig cluster are considered in the
temperature range 10 K < 7' < 1760 K. Five series of
calculations are conducted, with a simulation of
several media inside and outside the Sig, cluster,
specifically, the vacuum and interior spaces filled with
30 and 60 hydrogen atoms with and without the
exterior hydrogen environment of 60 atoms. Fullerene
surrounded by a hydrogen “coat” and containing 60
hydrogen atoms in the interior space has a higher
stability. Such cluster has smaller self-diffusion coef-
ficients at high temperatures. The fullerene stabilized
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with hydrogen is stable to the formation of linear
atomic chains up to the temperatures 270-280 K.
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Introduction

Silicon is the most important semiconducting material
in the microelectronics industry. If current miniatur-
ization trends continue, minimum device features will
soon approach the size of atomic clusters. In this size
regime, the structure and properties of materials often
differ dramatically from those of the bulk. For
example, one has observed the luminescence in
nanostructured silicon clusters (Hirschman et al.
1996). The prediction of the structures and properties
of medium-size (10-100 atoms) Si, clusters is of
critical importance in understanding the transition
from misroscopic to macroscopic behavior of nanom-
aterials and their possible technological applications.
The investigations on Si,, clusters (Yoo et al. 2003)
have been directed by significant developments
observed in the field of carbon clusters. Silicon clusters
of five atoms form three-dimensional compact struc-
tures, while pure carbon clusters with ten or less atoms
show linear and ring structures (Ferraro 2007). The
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structure of the Cgg cluster, i.e., fullerene, is repre-
sented by a truncated icosahedron consisting of 20
hexagons and 12 pentagons that form a nearly spherical
surface. Fullerenelike structures have not been identi-
fied for Si, units; this is attributable to the sp2
characteristic hybridization in fullerenes, which is
more favorable for C,, than for Si,, units (Ferraro 2007).
Theoretical models provide confirmation that the Sigg
fullerene structure is more preferable than a network
(naphthalene-like) structure or a cylinder structure.
The fullerene structure of icosahedral symmetry has a
local minimum at the potential energy surface. How-
ever, for silicon, this structure is unstable and experi-
ences relaxation to the structure of “a ball with folds.”
In general, a transformation of the atomic structure also
occurs in this case, with the trend toward reconstruc-
tion of the tetrahedral atomic arrangement. Disregard-
ing the instability of the Sigo fullerene structure, the
authors of (Yu and Meyyappan 2006) calculated
the electronic structure of Si, and the changes in the
electronic structure as a result of oligomerization. It
was concluded that from an energetic standpoint, a
large number of open and closed structures based on
Si,, fullerene were possible. However, no methods for
synthesizing this new family of compounds have been
found yet. Absolute instability of fullerene Sigq has
been specified by a method of density-functional
theory (Sun et al. 2003).

Stability of neutral and ionic Sisy cluster was
investigated by full-potential linear-muffin-tin-orbital
molecular-dynamics (FP-LMTO-MD) method (Li
et al. 2003). The neutral and charged fullerene cages
relaxed into distorted structures resembling puckered
balls. They were considerably less steady than the
stacked structure built from tricapped trigonal prism
(TTP). By comparison, for the fullerene cages and
stacked structures of neutral and ionic Sigo cluster,
similar characteristics were found. Also, stability of
the hollow Si clusters of smaller size was investigated
by the FP-LMTO-MD method. Calculations on the
fullerene cage structures and the binding energies of
Si, (n =20, 24, 26, 28, 30, 32) clusters were
performed (Li and Cao 2001). It is found that the
fullerene cages are not stable, and relax into struc-
tures which are severely distorted. Except for Sis,
their atomic arrangement tends toward tetrahedral
geometry. After the structural distortion, about two
silicon atoms can still be filled into the inside spaces
of the distorted cages for Si, (n = 26-32). Among
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the selected 15 stable structures for Si,y, the most
stable structure is constructed by stacking Sig TTP
subunits (Li and Cao 2000).

As before there is an open question as to how one
can obtain a smooth fullerene-like cage composed of
Si atoms. Due to their sp3 nature, the Si atoms do not
tend to bind themselves to general fullerene cages.
Siy clusters (N up to ~50) usually favor compact
forms which are completely different from fullerene
cages (Honea et al. 1999; Ho et al. 1998). We have
shown that the structure of a Sigq cluster in a fullerene
cage is highly distorted even at not so high temper-
ature and at the presence of hydrogen. There is a
suggestion to construct Si clusters in fullerene-like
cages with transition-metal atom doping (Hiura et al.
2001). First-principles calculation shows that tung-
sten (W) may be a good candidate for doping of
fullerene-like Si cages and WSi;, and WSi,4 clusters
are energetically most favorable. Geometric and
electronic structures of metal (M) atom doped silicon
(Si) clusters, MSiy (M = Ti, Hf, Mo and W), using
mass spectrometry, a chemical-probe method, and
photoelectron spectroscopy have been studied in the
work (Ohara et al. 2003). In the mass spectra for all
of the mixed cluster anions MSiy, both MSi|5 and
MSij, were abundantly produced compared to their
neighbors. Together with the result of the adsorption
reactivity and photoelectron spectroscopy, it was
revealed that one metal atom can be encapsulated
inside a Siy cage at N > 15.

A number of theoretical studies of small- to
medium-sized, hydrogen-terminated silicon clusters
have been performed in recent years. According to
these calculations, lattice distortions enhance the
photoluminescence intensity for partially dehydroge-
nated clusters, while further dehydrogenation ulti-
mately decreases the photoluminescence intensity.
Mass spectrometry has been used to probe the hydro-
gen-to-silicon ratios of hydrogen-terminated silicon
clusters generated using a variety of methods. A wide
range of [H]/[Si] ratios have been observed, ranging
from close to two to almost zero, depending on the
conditions used to prepare the clusters (Rechtsteiner
et al. 2001). Despite quite extensive experimental and
theoretical studies, little is really known about the
formation, structure, and stabilities of Si,H, clusters.

In this article, we investigated the temperature
dependences of the physicochemical properties
(including the structural and kinetic properties) of



J Nanopart Res (2010) 12:3003-3018

3005

silicon nanoparticles in the form of a fragment of a
diamond-like lattice, a particle with a random atomic
packing, as well as a nanoassembly formed by inserting
a 13-atom icosahedron into a 60-atom fullerene. A
compact nanoassembly is a structure with a clearly
pronounced three, five, and sixfold symmetries. It is
important to study how the temperature affects the bulk
and surface structures of these three 73-atom silicon
nanoparticles surrounded by 60 hydrogen atoms, and to
gain insight into temperature variations in the structure
of hollow silicon clusters placed in hydrogen environ-
ment. Hydrogen atoms can be both inside and outside
the clusters.

Calculations

In essence, molecular dynamics calculations are com-
puter calculations that make it possible to solve
numerically the many-body problem in mechanics. In
the model, the positions and velocities of atoms are
represented as time functions. The microscopic behav-
ior of a system is calculated by solving the differential
equations of motion with the use of initial positions and
velocities of atoms and interatomic interaction forces.
Integration of the equations of motion was performed
using the fourth-order Runge—Kutta method. The time
step At was equal to 107'%.

The main results were obtained using a canonical
ensemble. Some microcanonical calculations to check
up reliability of the received results were executed
also.

We consider a heat bath with fixed reference
temperature T, which can get by inserting stochastic
and friction terms in the equations of motion
(Résibois and De Leener 1977)

(Ri(1)R;(1 + 1)) = 2mpkTod (7). (2)

The damping constant y determines the strength of the
coupling to the bath. This equation corresponds
physically to frequent collision with light particles
that form an ideal gas at temperature 7. Let us enter a
time constant 7 = (2y)"', then the scaling term for
particle velocity is defined (Berendsen et al. 1984) as

)

Thus the change in temperature per time step can be
made exactly equal to (Ty — T)At/tr by scaling:
v(t+ Ar) «— Ev(t + Ar).

The model we used in our simulations is given by
the potentials proposed in works (Tersoff 1988,
1989; Mousseau and Lewis 1991; Kwon et al. 1992;
Biswas and Hamman 1987). Tersoff (1988, 1989)
proposed a new form of binding of two atoms in a
model with due regard for many-atom correlations.
The main idea is that, in real systems, the strength
of each bond depends on the local environment, so
that the bonds formed by an atom with many
neighbors are weaker than those formed with several
nearest neighbors. The Tersoff potential can be
represented in the following form (Tersoff 1988,
1989):

1
U= QZ Vi, Vip = fe(rg) fr(ry) + bifa(ry)]
%

(4)

where r;; is the distance between the ith and jth atoms,
fa and fr are the attractive and repulsive pair
potentials, respectively, and fc is the smooth cut-off
function. The potentials f5 and fr in an explicit form
are represented by the Morse potentials

mn'),- :Fi—miyv[—l—R(t), (l)
r)=Ae M, fa(r) = —Be ", 5
where F; is the systematic force and R; is a Gaussian Je(r) Jalr) ®)
stochastic variable with zero mean and with intensity
1, 1 - r<R — Dy
fery =4 1 —Esinb(r—R)/DR}, R—Dr<r<R+Dyg. (6)
0 r >R+ Dy
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The parameters A and B determine the repulsive and
attractive forces, respectively. The parameters R and
Dg are chosen in such a way as to include only the
layer of the first nearest neighbors in the bulk
structures of silicon, graphite, and diamond. The
smooth cut-off function f- decreases from 1 to O in
the range R — Dr < r < R + Dg. The main feature
of this potential is the presence of the term b;;. The
bonding force depends on the local environment and
decreases when the number of neighbors is large.
This behavior of the bonding is governed by the term
b;;, which increases or decreases the ratio between the
attractive and repulsive forces according to the
relationship

1

the bulk modulus. The parameters of the Tersoff
potential used for silicon are presented in Table 1.
When simulating the Si-H interactions, there
arises a problem of control of the univalence of
hydrogen. Mousseau and Lewis (1991) simulated an
amorphous Si—H system with the use of the approach
based on different potentials describing the bonded
and nonbonded S-H interactions. The molecular
dynamics calculations within this approach appear
to be very slow virtually at any finite temperature.
Kwon et al. (1992) proposed the potential that
describes the Si—H interactions in an arbitrary
configuration without necessity of including bonded
and nonbonded Si—H pairs. This potential consists of
two parts, one of which describes the pair interactions

b = PR YT (7) and the other part represents the triple interactions.
(1+p gij) The Si—H two-particle potential is written in the form
where Véile = [Ayexp(=Ai7) + Ay exp(= )l (r),  (9)
where f! is the cut-off function given by the formula
1, r<0.17 nm
fH(r) =< 0.5+0.5cos[(n/0.2)(r —0.17], 0.17<r<0.19 nm. (10)
0, r>0.19 nm

3

s = > folry)g(Og)el )],

w 0
c? 2 8
g(@) =1 + d—2 - B
[d2 + (h —cos0)

The term {;; characterizes the effective coordination
number of the ith atom, i.e., the number of the nearest
neighbors. This number is determined with allowance
made for the relative distance between two neighbors
rj — ry and the bond angle 0. The function g(0)
describes the dependence of the coordination number
on the bond angle. The parameter d characterizes the
rate of change of the function g(f). The parameter ¢
specifies the dependence of the force on the angle 0.
The parameters of the potential V;; were chosen by
fitting the theoretical and experimental data obtained
for real and hypothetical configurations. These data
involved the bonding energy, the lattice constant, and
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The parameters A;, A,, 4;, and A, obtained by
fitting to the ab initio calculated energy of hydrogen
on a silicon cluster (Tersoff 1989) are listed in
Table 2. The two-particle potential described by
formulas (9) and (10) leads to a minimum energy
of —3.05eV at r=0.15 nm, which is in good
agreement with the energy of the Si—-H bond and
the mean bond length in the Si—-H amorphous system.
This potential also results in a frequency of
2,023 cm™! for the stretching vibration mode of the
Si—H bond, which also agrees well with the exper-
imental frequency of this mode. The short-range
character of the interaction is provided by the cut-off
function fg, which can be represented in the form of a
simple smooth functional.

The three-particle potential, which is important for
simulating the Si—H covalent interaction and stabi-
lizing the tetrahedral structure of silicon, is written in
the form (Biswas and Hamman 1987)
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Table 1 Parameters of the Tersoff potential for silicon

A@V) B@V) 2, (m™Y) AL mm™YH J;mm ™Y n

d R (nm) Dg (nm) f h

1830.8 471.18 2.4799 1.7322 0 0.78734

1.0039 x 10° 16.217 0.285 0.015

1.1 x 107® -0.59825

Table 2 Parameters of the potentials of the Si-H 1 H-H interactions

A] A2 /11 )\.2 BH o OH

V) eV) m™) mm™") (eV) (nm™?)

(nm™?) (nm)

re, e, H H2 3 OHH 'm
(nm) (nm) (nm) (eV) (nm)

1113.967 —700 27.801 23.616 22.6526 30.34373 60.334 0.39527357 0.18 0.0312058 0.02 0.147 1520 0.19

VO (r12,113,0) = Bug, 5(r12) 9, (r13)
2
X <0059+ 1/3) e1,(112)8e, (113)-
(11)

The indices 1 and 2 correspond to the Si—Si and
Si—H interactions, respectively. The radial functions
@1(r) and @,(r) are defined as ¢,(r) = exp(—ar?)
and @, (r) = exp(—onr?). The cut-off functions (g, ,
&) are represented in the form g, ,(r) = {1 + exp
[(r = re,,)/ o)} The parameters By, o, o, 7,
and y; are giVen in Table 2. The parameters By and
oy were obtained by fitting of the rocking mode
(630 cm™') and bending mode (897 cm™ ") for H-Si
bond in amorphous Si:H. This potential describes the
Si-Si—H, H-Si—H, and Si—H-Si interactions. It should
be noted that the lowest energy is achieved when the
H atom is bound to one Si atom.

The used H-H repulsive potential in the form

VO = [0~

« [(%HH) exp[on(1 ~ 7, )] (r/rm)6] .

(12)

prevents nonphysical approach of hydrogen atoms to
one another (Biswas and Hamman 1987). In this
scheme, the formation of H, molecules is impossible.
Only atomic hydrogen is included in the model. The
parameters ¢, oapgy and r,,, are presented in Table 2.
In the initial packing composed of the fullerene
with the inscribed extended icosahedron, there are
five fullerene atoms located at the distance equal to
the bond length L, = 0.24 nm for each atom

positioned on the icosaherdron surface (Galashev
et al. 2007). For an atom of the icosahedron surface,
the five nearest neighbors also lying on the icosahe-
dron surface can be disregarded, because the distance
to these atoms is ~ 1.9 times larger than the bond
length L,, and the distance from the icosahedron
center to atoms on its surface is 1.8 times larger than
the bond length L;,. The attraction of the fullerene by
the icosahedron is provided by 60 bonds.

First three series of calculations were performed
for Si;3; nanoparticles. Each Si;3 particle was placed
in a virtual sphere of the same diameter. The radius of
the sphere was chosen so that 60 hydrogen atoms
located at a distance of no less than 0.22 nm from
each other can be randomly positioned in the space
between the particle and the surface of the sphere.
Therefore, the initial density of the hydrogen “coat”
was approximately equal to 4245 kg/m®. It should be
noted that the experimental density of liquid hydrogen
at 20 K is approximately equal to 70 kg/m’. The
initial temperature (35 K) exceeded the boiling tem-
perature of real hydrogen (20 K), so that the hydrogen
environment of the nanoparticle even in the first
calculation was a dense gas. The duration of the
calculations at each temperature was equal to 10° time
steps or 100 ps. The final atomic configuration
obtained at a lower temperature served as the initial
configuration for the subsequent calculations at a
higher temperature. In the calculations, the tempera-
ture was increased in steps of ~90 K. The last
calculations were carried out at a temperature of
1,560 K. In the first series of calculations, a fragment
composed of a particular site with 72 nearest neigh-
bors in the diamond lattice was used as the initial
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configuration. In the initial state, the density of the
crystalline nanoparticle corresponded to that of the
macrocrystalline material. In the second series of
calculations, a fragment with a random atomic
packing served as the initial configuration. This
configuration of the nanoparticle was produced by
filling a spherical region of the corresponding radius
with silicon atoms by using a random-number gener-
ator. In the initial state, the minimum distance
between silicon atoms in the random packing did
not exceed the minimum distance in the correspond-
ing macrocrystal (0.235 nm). As a result (and also in
view of a decrease in the time of filling the sphere), the
initial nanoparticle had a looser atomic packing. The
nanoparticle density was no higher than 0.6 of the
density of the silicon nanocrystal. In the third series of
calculations, the initial configuration of the nanopar-
ticle was represented by the nanoassembly composed
of a 60-atom fullerene into which a 13-atom icosa-
hedron was inserted. The minimum distance between
the atoms in this nanoassembly corresponded to the
minimum distances between atoms in the silicon
macrocrystal.

Five series of calculations were carried out for
hollow silicon clusters. In each series of calculations,
the initial state was specified by the temperature
10 K. The last calculation was conducted for the
temperature 1,711 K. In the first series of calcula-
tions, fullerene consisting of 60 atoms served as the
initial configuration. In this configuration, the mini-
mal distance between the atoms (0.24 nm) was close
to the corresponding parameter in the macroscopic Si
crystal. In the second series of calculations, the initial
configuration corresponded to fullerene with 30
hydrogen atoms placed inside. These H atoms were
located in the straight lines connecting the center of
mass of the fullerene with the centers of each second
Si atom forming the fullerene. In every case, the
distance between Si and H atoms was 0.18 nm. The
third series of calculations for the fullerene began
with the placing of 60 H atoms inside the fullerene in
the manner described above. Before the beginning of
the fourth and fifth series, the Sigy fullerene filled
with 30 or 60 H atoms was placed in virtual spheres
with the same diameter. The radius of the sphere was
chosen in such a way that 60 H atoms spaced from
each other and from Si atoms by a distance no shorter
than 0.22 nm could be randomly placed into the
space between the particle and the sphere. Thus, the
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initial density of the hydrogen “coat” was 42-43
kg/m?.

Results and discussion

The influence of hydrogen on the stability of Si;3
nanoparticles

The hydrogen “coat” has a clear stabilizing effect on
the Si;3 nanoparticle, but does not provide the
retention of the structure at a high temperature and
does not prevent the evaporation of Si atoms. A Si
atom was considered to belong to the cluster if the
atom was linked to the cluster by at least one Si-—Si
bond. To identify the Si—Si bond at every time step,
we checked whether each of the Si atoms was
separated from the other Si atoms by a distance
7 > rmax= 0.3 nm. The linkage between the Si atom
and the cluster was considered to be lost if this atom
was separated from the other Si atoms by a distance
larger than the radius of the second coordination
sphere for silicon macrocrystal (r, = 0.38 nm). The
cluster never joins the Si atom again if this atom is at
a distance r > r, from the nearest neighboring atom.
Evaporated atoms had a rather high relative kinetic
energy and did not return to the clusters. Figure 1
depicts the configurations of the Si;3 nanoassembled
clusters after a 17-fold stepwise increase in the
temperature, so that their kinetic energy approxi-
mately corresponds to a temperature of 1,560 K. It
can be seen from Fig. la that, in the absence of
hydrogen, the Si;3 cluster has strongly expanded and
lost five atoms by the instant of time 100 ps
(T = 1560 K), two of which are shown in the lower

Fig. 1 Configurations of the Si;; cluster composed of a 13-
atom icosahedron and a 60-atom fullerene: a cluster with a free
surface and b cluster surrounded by 60 hydrogen atoms at the
instant of time ¢ = 100 ps and the temperature 7 = 1560 K



J Nanopart Res (2010) 12:3003-3018

3009

0
£
IS
©
S 5]
(0]
o)
-10 : : :
(b)
3.
E »
>
1.
0 500 1000 1500

T,K

Fig. 2 Temperature dependences of a the internal energy of
silicon clusters and b the volume of the virtual sphere bounding
all atoms in the system: (/) nanoassembled particle, (2)
nanocrystal, and (3) particle with a random atomic packing

part of Fig. la. In the presence of the hydrogen
“coat” (Fig. 1b), the silicon cluster composed of the
fullerene and the icosahedron even at this high
temperature retains a spherical shape and only one of
its atoms evaporates (this atom is shown in the lower
part of Fig. 1b). Although the silicon cluster sur-
rounded by hydrogen is expanded, its expansion is
less pronounced than that of the cluster in the absence
of the hydrogen “coat”.

The internal energy of the Si; cluster in the form
of the diamond lattice fragment surrounded by the
hydrogen “coat” smoothly increases from —5.18 eV/
atom at 35 K to —2.65 eV/atom at 1560 K (Fig. 2a).
The other two Si; clusters surrounded by hydrogen
have stronger temperature dependences of the inter-
nal energy. In this case, the internal energy U for the
nanoassembled cluster retains values comparable to
those of crystalline silicon (—4.36 eV/atom) (Yin and
Cohen 1982) up to a temperature of 1,112 K
(—4.33 eV/atom). The internal energy of the cluster
with the random packing rapidly increases with an

increase in the temperature, especially in the temper-
ature range 690 < 7 < 850 K. At T =750 K, the
internal energy of this cluster reaches the internal
energy U for the Si;z nanocrystal. This behavior of
the internal energy U is associated with the consid-
erable transformation of the cluster structure. The
particle with the random atomic packing, the nano-
assembled particle, and the nanocrystal each lose one
Si atom at temperatures of 760, 850, and 1,120 K,
respectively. The internal energy U at temperatures
above these values was determined for Si;, clusters.
The temperature dependences of the volume of the
sphere that is constructed from the center of mass of
the cluster and contains all 73 atoms (including
evaporated atoms) are plotted in Fig. 2b. The volume
of the bounding sphere for the nanoassembled cluster
and the cluster with the random atomic packing is
retained (accurate to within 20%) only to a temper-
ature of ~600 K, whereas the volume of the sphere
circumscribed around the nanocrystal is retained
(accurate to within 3%) up to a temperature 7T
~750 K. The atom is completely detached from the
cluster (the Si—Si bonds of this atom with the cluster
disappear completely) at higher temperatures.

Structure of Si;3; nanoparticles in the presence
of hydrogen on their surface

The Si-Si covalent bond is a short-range bond. The
cut-off function f(r) defined by expression (6) cuts
off the Si—Si pair interactions at distances exceeding
0.3 nm. Let us assume that the criterion for the
existence of the Si—Si bond is represented by the
condition rgi_g; < 0.3 nm. By using this criterion for
the determination of distances rg;_g; between the
current Si atom and all the other Si atoms in the
cluster, it is possible to calculate the mean number 7,
of bonds per atom and the mean length L, of the Si—
Si bonds. The calculated values of 71, and L;, for the
Siz3 clusters in the temperature range 35 <7 <
1,560 K are presented in Fig. 3. At low temperatures
(T < 630 K), the values of n, and L, for the
nanoparticle with the random atomic packing are
larger than those for the other clusters under consid-
eration. These parameters for all the clusters under
investigation decrease with an increase in the
temperature. Upon heating by 1,525 K, the mean
number 7, of bonds in the cluster with the random
atomic packing decreases most drastically (by
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Fig. 3 Temperature dependences (canonical ensemble) of
a the mean number of Si-Si bonds per atom in Si;3 clusters
and b the mean length of these bonds. The number designations
are the same as in Fig. 2

approximately 30%). The mean numbers 7, of bonds
in the nanoassembled cluster and the nanocrystal
decrease by 12 and 17%, respectively. It should be
noted that, at temperatures above 690 K, the values
of 7, for the nanoassembled particle, as a rule, are
larger than those for the other particles under
investigation. The nanocrystal has the smallest values
of n, over the entire temperature range.

At a temperature of 35 K, the mean bond length L,
for the particles with noncrystalline packings is larger
than the mean bond L *° for the silicon crystal
(0.235 nm). The equality L, = L, is observed at
T =250 K for the nanoassembled particle and
T = 592 K for the particle with the random atomic
packing. Upon heating to 1,560 K, the mean bond
lengths L;, for the nanoassembled nanoparticle, the
nanocrystal, and the particle with the random atomic
packing decrease by 15, 10, and 14%, respectively. The
mean bond lengths L, for the particle formed by
inserting the icosahedron into the fullerene and the
particle with the random atomic packing decrease most
rapidly in the ranges 710 <7 < 1,230 K and
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Fig. 4 Temperature dependences (microcanonical ensemble)
of a the mean number of Si—Si bonds per atom in Si;3 clusters
and b the mean length of these bonds; (/) nanoassembled
particle, (2) nanocrystal, and (3) particle with a random atomic
packing; (1')—(3') are an approximation of the (I)—(3)
dependences by polynom of the second degree. (4)—(6) are
temperature dependences of the average distance 7g;_g;
between the nearest neighbours in crystal (4), amorphous (5),
and supercooled liquid (6) silicon

170 < T < 890 K, respectively. As aresult, the small-
est mean bond lengths I, at T > 1090 K are observed
for the particle composed of the fullerene and the
icosahedron. At7 > 1260 K, the mean bond lengths Ly
for the nanocrystal again become smaller than those of
the particle with the random atomic packing.

Mean numbers 71, of bonds per atom and mean
lengths L, of the Si-Si bonds for Si;3 nanoparticles
calculated using microcanonical ensemble are plotted
in Fig. 4. Values 71, of the nanoassembled particle
poorly change with growth of temperature. The
magnitude 7y, for this particle first decreases, but
after temperature ~ 1200 K, starts to be increased.
Nanoassembled particle has higher values 7, in
comparison with others considered nanoparticles up
to temperature 930 K. Values 71, for nanocrystal up to
temperature 480 K and after temperature 1,280 K are
higher than values of this magnitude for the
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nanoparticle with the random atomic packing. With
growth of temperature the 7, magnitude for nano-
crystal tends to increase at ~ 660 K. Dependence
i, (T) for the nanoparticle with the random atomic
packing is characterized by the strongest fluctuations.
However, in this case, the i1, magnitude is inclined to
small growth at 7 > 1380 K. Nevertheless, at heating
from 35 K up to 1,560 K values, 7, for the nanoas-
sembled particle, the nanocrystal and the nanoparticle
with the random atomic packing were reduced to 3.9,
6.0 and 7.0%, respectively. The reduction of magni-
tude 71, observed in Siy3; nanoparticles at the temper-
ature increase is due to the fact that on average Si—Si
bonds in them are weaker than in bulk silicon where
the distance between the nearest neighbors is less
than that in nanoparticles.

Mean length of the Si—Si bond for considered
nanoparticles as a whole decreases with growth of
temperature. The magnitude L, decreases for a
nanoassembled particle by 10.0%, for a nanocrystal
by 3.6%, and for a nanoparticle with a random atomic
packing by 1.6%. This happens for the temperature
range 35 < T < 1,560 K. The nanoassembled parti-
cle has the lowest value L, at high temperatures, and
the nanoparticle with the random atomic packing, the
highest value. Fast decrease of the Ly value for the
nanoassembled particle begins at temperature
~660 K. At high temperatures, the L, value stops
to be reduced because of amplifying repulsion
between atoms. For the nanoassembled particle it
occurs at 1,290 K, for the nanocrystal at 1,020 K, and
for the nanoparticle with the random atomic packing
at 13,80 K.

Data for amorphous silicon is of scientific interest
because bulk amorphous silicon cannot be produced
in real life. Amorphous silicon is prepared in the form
of a thin film most that commonly uses plasma
enhanced chemical vapour deposition. To obtain the
structure of silicon equilibrated at 0.1 MPa and
various other temperatures, MD simulation was
carried out during heating and cooling cycles using
NPT ensemble (Endo et al. 2003/2007). The unit cell
used in this MD simulation contained 1,000 silicon
atoms arranged in a diamond structure to which
three-dimensionally periodic boundary condition was
applied. Calculation was conducted at temperatures
between 100 and 2,500 K. The melting point
(1,768 K) estimated is higher than the experimental
melting point (1,683 K) of silicon. This difference is

because silicon in the simulation has no surfaces
serving as nucleation sites of melting.

On the basis of the data on density of work (Endo
et al. 2003/2007) we have defined average distance
Tsi—si between the nearest neighbours in crystal and
amorphous silicon in a temperature range 100 < T <
1,560 K. The received dependences rsi_s;(T) are
shown by <curves 4 and 5 in Fig. 4b.
It is visible, that with growth of temperature, the
magnitude 7g;_g; for crystal silicon is continuously
increased. At initial heating of amorphous silicon (up
to 1,000 K), the magnitude rs;_gjincreases, and at
further increase of temperature, the values of 7gi_g;
decrease. As a whole, at the temperature of 1,460 K,
the value rsi_g; for crystal silicon increases by
approximately 0.5%, and for amorphous silicon, on
the contrary, decreases by ~0.7%.

Precise measurements of the density of super-
cooled liquid silicon using an electromagnetic levi-
tation technique with static magnetic fields as well as
first-principles molecular dynamics simulation of
supercooled Si have been performed in work (Wa-
tanabe et al. 2007). A curve 5 in Fig. 4b shows that at
high temperatures, in the absence of crystal order, the
structural reorganizations in bulk silicon accompa-
nied by reduction of average interatomic distance can
take place. Average distances 7gi_s; between the
nearest neighbours, received on the basis of extrap-
olation of these data in the area of low temperatures
are plotted on the curve 6 in Fig. 4b. The minimal
value of magnitude rg;_s; (or the maximal value of
density) for supercooled Si falls to the temperature
1,200 K. It is visible from Fig. 4b, that dependences
Ly(T) for silicon nanoparticles under consideration
fluctuate significantly. Significant fluctuations of
magnitude Lypare attributed to the fact that potential
energy U of atoms on the surface of a nanoparticle
essentially exceeds the magnitude U of the atoms in
the nucleus of a cluster. Curves 173 in Fig. 4 b show
approximations of dependences 1-3 by polynoms of a
second degree. According to the smoothed depen-
dences 1/—3/, the magnitude L[, in the interval
35 < T < 1,560 K has decreased by 8.2% for nano-
assembled particles and by 4.3% for nanocrystals,
and for a particle with random atomic packing it has
increased by 0.9%. Extrapolated dependence 6 for the
supercooled liquid silicon shows, that the 7gj_sg;
magnitude is reduced by 2.8% at heating from 35
up to 1,560 K. Thus, among considered in this study
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nanoparticles silicon nanocrystals have the closest
dependence L,(T) to the curve 7s__si(T) for the
supercooled liquid silicon. However, the dependence
Ly(T) for nanocrystals, on average in this figure, is
0.018 nm above the dependence rs_s;(7) for the
supercooled liquid silicon.

Comparing curves 1-3, it is possible to conclude
that Tersoff potential provides more correct descrip-
tion of the change of magnitude L, with the increase
of temperature only in the case of the Si;3 crystal
nanoparticle, i.e., at the presence of the tetrahedral
order of atoms. In this case, reduction of magnitude
Ly, stops at T > 1,200 K, but its value for nanoparticle
is still appreciably higher than the magnitude rg;_s;
for a macrocrystal (by 2.5%). At random packing of
atoms in nanoparticle Si;3 the magnitude L, increases
with the temperature, and its divergence from the
7si_si for amorphous and supercooled liquid silicon
amplifies. The magnitude L, for nanoassembled
particle reduces very quickly at heating, and therefore
its values at 7 > 1,140 K are even lower than the
value rsi_g; for the supercooled liquid silicon.

The tetrahedral coordination of Si atoms grows
with decreasing temperature. The growing tetrahedral
network would increase the number of nucleation
sites, and thus, the nucleation rate would also be
increased. Therefore, in the highly supercooled
liquid, tetrahedrally coordinated atoms would make
it difficult to form bulk amorphous Si from the
supercooled liquid state. However, if we achieve a
highly supercooled liquid state below 1,200 K, the
liquid state has a high density, and therefore will be
able to form bulk amorphous Si from this liquid state.

Owing to the strong directed short-range interac-
tions the magnitude of a surface tension for silicon
nanoparticles does not decrease with the growth of
their size as it usually takes place for the majority of
substances (Hawa and Zachariah 2004). Therefore,
reduction of rigidity of the Si—Si bonds with growth
of temperature can result in a reduction of the size of
Si-cluster, i.e., the magnitude Ly, can be reduced due
to forces of surface tension.

Calculations those use microcanonical ensemble
give weaker temperature change of magnitudes 7
and L. Here reduction of function L,(T) is not so
essential, as during modeling in canonical ensemble.
The best agreement of magnitudes 7, and L
(the divergence on average is 2.0 and 2.6% respec-
tively) in two different ensembles is observed for
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Fig. 5 Temperature dependences of the restricting sphere
radius for silicon clusters. The number designations are the
same as in Fig. 2. Arrows indicate the temperatures of the onset
of evaporation of Si atoms from clusters

nanoassembled nanoparticle. The greatest ensemble
divergence between these magnitudes is received for
nanocrystal (12.8 and 7.9% for i, and L, respec-
tively). In case of a particle with random atomic
packing, the ensemble error for 7, and L, is 11.2 and
8.6% respectively.

The restricting sphere radius R is defined as the
length of the segment from the center of the mass of
the cluster to the center of the Si atom that is most
distant from the cluster, but its distance to the nearest
atom in the cluster should be no more than r,. The
temperature dependences of the radius R for the
particles under consideration are plotted in Fig. 5.
The dependences R (7) for the particles reflect the
evaporation of atoms from the solid cluster. The peak
in the dependence R (T) for the Siy; cluster with the
random atomic packing is observed at the lowest
temperature. This peak indicates that the atom
evaporates from the particle. A similar peak for the
nanoassembled cluster appears at a higher tempera-
ture. The corresponding peak in the dependence
R (T) for the nanocrystal occurs at the highest
temperature. The arrows near the abscissa axis
indicate the temperatures of the onset of evaporation.
The evaporation begins at a somewhat higher tem-
perature T than the temperature at which the peak is
located in the corresponding dependence R (7) due
to the discreteness of the change in the temperature.
The detachment of the atom from the cluster leads to
a decrease in the cluster radius R, because the
number of atoms contained in the cluster becomes
smaller by unity. At a temperature of 1,560 K, the
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Fig. 6 Temperature dependences of a the relative depth of
penetration of hydrogen atoms into the Si;; clusters, and b the
number of hydrogen atoms adsorbed on these particles. The
number designations are the same as in Fig. 2

nanoassembled cluster has the smallest size, and the
largest radius R, is observed for the nanocrystal.
The degree of penetration of hydrogen atoms
into the cluster can be defined as the ratio &=
(R — Ry) /Ry, where Ry is the distance from the
center of mass of the silicon cluster to the hydrogen
atom nearest to the center of mass. The temperature
dependence ¢&(T) for the nanoassembled cluster
exhibits a maximum at 746 K, and the degree of
penetration ¢, beginning with 1,100 K increases
progressively (Fig. 6a). Two peaks are observed in
the temperature range 0 <7 < 1,150 K in the
dependence &(7) for the nanocrystal. The highest
peak is located at a temperature of 1,004 K. An
increase in the temperature to 1,165 K is accompa-
nied by a monotonic increase in the quantity ¢, for the
nanocrystal. The temperature dependence &(7) for the
cluster with the random atomic packing is rather
smooth. However, this dependence also exhibits a
small maximum at 7 = 690 K. The locations of all

the maxima at the above temperatures coincide with
those in the corresponding dependences R (7).

The temperature dependences of the number of
hydrogen atoms (Ny) located in the spherical layer of
thickness (Rs — Ry) for the clusters are depicted in
Fig. 6b. Among the clusters under investigation, the
Siy3 nanoassembled cluster has the smallest value of
Ny. The maximum number Ny = 33 is observed at a
temperature of 746 K immediately before the evap-
oration temperature. After subsequent heating of the
cluster by ~90 K, the number Ny becomes equal to
zero. At temperatures above 1,090 K, this quantity
insignificantly increases to Ny = 9. The dependence
of the number Ny for the nanocrystal exhibits a
maximum at 7 = 1,004 K (Ng = 47). However,
already after the next heating stage, the number Ny
decreases to 6. At a temperature of 1,350 K, the
number Ny becomes equal to 60, i.e., all the H atoms
are located in the surface nanocrystal layer of
thickness (R, — Ry). The dependence Ny(T) for the
cluster with the random atomic packing is character-
ized by a considerably smoother behavior. In this
dependence, there is a small maximum (Ny = 55) at
the temperature 7 = 690 K. The next extremum
(minimum) turns out to be not deep (Ny = 52), and
the quantity Ny at the temperature 7 = 1,000 K
reaches almost a maximum value (Ng = 59).

Structure of Sig clusters in the presence
of hydrogen

The effect of hydrogen on the shape and structure of
the Sigy cluster is illustrated in Fig. 7, where the
configuration of the Sigy cluster without hydrogen
and with hydrogen inside and outside the cluster at
the temperature 1,500 K at the time instant 100 ps is
shown. The H atoms initially placed inside the
fullerene are marked by crosses within circles, and
the H atoms arranged outside the Si cluster at the time
t =0, ie., before the basic run at 7 = 10 K, are
shown by open circles. It is evident that the volume of
the cluster in vacuum (Fig. 7a) is much larger than
the volume of the Sig, fullerene filled with 60 H
atoms and surrounded with the same number of H
atoms on the outside (Fig. 7b). Evaporated Si atoms
are present in both cases; however, in vacuum, these
Si atoms are separated from the cluster by larger
distances. In addition, the Si cluster placed in the
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Fig. 7 Atomic configuration of the silicon fullerene at the
temperature 1,500 K a in vacuum and b in a hydrogen “coat”
in addition to 60 hydrogen atoms filling the interior space

0 500 1000 1500
T,K

Fig. 8 The radius R, of the restricting sphere for silicon
fullerene in the conditions of (/) vacuum, (2, 3) compensation
of unpaired Si bonds by (2) 30 and (3) 60 H atoms inside the
fullerene, and (4, 5) coating with H atoms and filling of the
interior space of the fullerene with (4) 30 and (5) 60 H atoms

hydrogen medium better retains spherical shape and a
more homogeneous distribution of the constituent
atoms over the spherical surface. Thus, the positive
role of hydrogen in stabilizing the shape and structure
of the Sigq cluster is obvious. Nevertheless, it is found
that, even in the hydrogen environment, the silicon
fullerene is not quite stable and loses its atoms with
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increasing temperature. It is also worth noting that
some H atoms initially located inside the cluster (at
T = 10 K) escape from the cluster to the outside.

In the calculations we traced the effective cluster
size by determining the radius R, of the restricting
sphere that includes all Si atoms which are at a
distance of r < r, to the nearest atom. For the whole
series of calculations, the number of atoms that
evaporated from the Sig cluster during the observa-
tion time of 100 ps was no larger than three. The
temperature dependences of the R, in five series of
the calculations for the Si cluster (in the presence and
absence of hydrogen) are shown in Fig. 8. In general,
the quantity R, increases with increasing temperature
in all cases. It is connected to observably evaporation
of atoms Si from clusters. The effective size of cluster
R, is not true radius of cluster because it can
characterize cluster with evaporating Si atoms. Here
the moment of evaporation of Si atom from cluster
precisely is not established. Besides the evaporating
atom can keep in contact with cluster through
hydrogen atoms. The dependence R,((7), as a rule,
exhibits peaks. Such peaks are clearly pronounced in
dependences 2 (1,510 K) and 4 (820 K), i.e., in the
case of 30 H atoms inside the cluster surrounded and
not surrounded with external hydrogen. In the
temperature range 10 K < 7 < 1,711 K, the param-
eter R, shows a most profound increase if the cluster
is in vacuum (dependence 1); the smallest values of
R, are obtained in the case of 60 H atoms inside the
cluster (dependence 3). A slight increase in R at
high temperatures can also be seen for the cluster
with 60 H atoms inside and outside the cluster
(dependence 5). The cluster size is found to be
unstable if there are 30 H atoms inside the cluster
(dependences 2, 4). In this case, if such a cluster is
surrounded by 60 H atoms on the outside (depen-
dence 4), the radius R,y has the largest values
compared to R, obtained in the other series of
calculations for the temperature range 310 K <
T < 1,630 K.

Parameters of the Si—Si bonds in Sigq clusters
stabilized with hydrogen

The temperature variations in the number of bonds
per atom, 7z, and in the average bond length, Ly, are
shown in Fig. 9. At low temperatures (below
~500 K), the parameter 7, remains unchanged or
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Fig. 9 Temperature dependences of a the average number of
bonds per atom 7, and b the average Si-Si bond length L, for
the Sigg fullerene. The numbers of curves 1-5 correspond to the
same conditions as in Fig. 8. Symbol 6 refers to the result of
molecular dynamic simulation for the Sioy nanoparticle (Hawa
and Zachariah 2004)

slightly increases for the Sigy cluster filled with H
atoms and not surrounded with a hydrogen “coat”;
for the other fullerenes, 7, decreases. However, as the
temperature is increased further, the quantity
decreases for all clusters. The quantity 7, reduces
most dramatically if the cluster is in vacuum
(dependence 1) and if there are 30 H atoms inside
the cluster and 60 H atoms outside (dependence 4).
The quantity 71, is most stable for the Si cluster filled
and surrounded with 60 H atoms (dependence 5). In
this case, in the entire temperature region, the
quantity 71, does not go below 2.7. Both with and
without hydrogen in the vicinity of Si cluster, the
values of 7, are no larger than 3.2.

In the Si cluster, the average bond length L,
decreases with increasing temperature (Fig. 9b). The
parameter L;, exhibits the most substantial decrease
(~9%) in the cluster placed in vacuum (depen-
dence 1). At high temperatures, the largest values of
Ly, are exhibited by the cluster, within which there are

60 H atoms (dependence 3). The most stable quantity
Ly is typical of the Si clusters surrounded with
hydrogen, with the interior space filled with H atoms
(dependences 4, 5). In this case, if there are 30 H
atoms inside the cluster, the parameter L, exhibits a
5% decrease in the temperature range 10 K < T <
1,711 K; if there are 60 H atoms inside the cluster,
the reduction of L, is 6%.

In Fig. 9b, symbol 6 refers to the Si—Si bond
length in the Sig cluster, whose surface was covered
by a hydrogen monolayer of 74 atoms (Hawa and
Zachariah 2004). To simulate the Si—Si interactions,
the authors of (Hawa and Zachariah 2004) used
modified Stillinger—Weber’s potential (Stillinger and
Weber 1985). The Si—H and H-H interactions were
described by Kohen—Tully-Stillinger’s potential
(Kohen et al. 1998). The Siygg cluster presented a
small part of a continuous, i.e., voids-free material. In
the Siyg cluster at 1,500 K, the average Si—Si bond
length (0.243 nm) is larger than Ly of the Si crystal.

If the fullerene is placed in vacuum or if there are
30 H atoms inside the fullerene and it is surrounded
with a hydrogen “coat,” the quantity 7, shows a
sharp decrease in the temperature range from 10 to
1350 K. If there is no hydrogen, the decrease in ny, is
accompanied by a sharp decrease in the average bond
length Ly,. Under temperature variations, the function
Ly(T) oscillates. The well-pronounced maxima in the
dependence Ly(T) for series 7 correspond to the
temperatures 241, 630, 1195, and 1,528 K.

It should be noted that, for the cluster without
hydrogen, there is a temperature range, 710 K <
T < 800 K, in which the quantity L stops decreas-
ing. At the temperature 773 K, Khokhlov et al.
(1998a, b) annealed a-Si films with thicknesses from
100 to 500 nm; as a result, a new modification of
silicon, silicyne, was produced. Silicyne consists of
linear atomic chains that show sharp bends at every
5-10 atoms. In the chains, the constituent atoms have
two Si—Si bonds, while at the bends, the atoms have
three Si—Si bonds. The average number of Si-Si
bonds per atom in silicyne is close to the number 7,
obtained here for the Si fullerene at 7> 789 K in
series 1 and 4 (Fig. 9a). In Fig. 6a, the chains of 2-5
Si atoms can be seen, and along with the chains there
are three-dimensional clouds of atoms. Thus, when
the fullerene is broken down at high temperatures,
linear chains of atoms are formed. Similar chains are
involved in the silicyne structure.
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Fig. 10 The temperature dependence of the self-diffusion
coefficient in the Sigy fullerene. The numbers of curves 1-5
correspond to the same conditions as in Fig. 8. Curve 6 refers
to the result of molecular dynamic simulation for the Siyg
nanoparticle (Hawa and Zachariah 2004)

Coefficients of diffusion and linear expansion

The mobility of atoms in the hollow clusters studied
here is illustrated in Fig. 10. At low temperatures (up
to 550 K), hydrogen does not produce any noticeable
effect on the self-diffusion coefficient D of Si atoms.
All five series of calculations give virtually the same
dependence D(#). The noticeable influence of hydro-
gen on the kinetics of Si atoms is observed at
T > 770 K. Particularly profound changes in D occur
for the Si cluster containing 60 H atoms in the interior
space. At first, the pressure created by hydrogen
reduces the mobility of atoms in silicon, and then the
quantity D sharply increases due to evaporation of Si
atoms. For this cluster at T ~ 1,500 K, the quantity D
follows again the dependence D(f) for the clusters
treated in series 1, 4, and 5. When the number of H
atoms inside the Si cluster is half of that in series 3,
i.e., equal to 30 (dependence 2 in Fig. 10), a sharp
increase in the dependence D(f) can be seen at higher
temperatures, starting from ~ 1,370 K; this increase
is also due to evaporation of Si atoms. If there is
hydrogen inside and outside the cluster (series 4, 5),
we can see oscillations of the function D(r) at
T > 1180 K. In this case, equalization of the numbers
of H atoms inside and outside the Si cluster
suppresses the oscillations of D(f) at high tempera-
tures. For the Si cluster in vacuum (dependence 1) at
T > 1,180 K, the function D(f) oscillates with an
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amplitude even larger than that for dependences 4
and 5 in Fig. 10.

Curve 6 in Fig. 10 is the result of MD calculations
(Résibois and De Leener 1977) of the self-diffusion
coefficient of the Si nanoparticle consisting of 6,400
atoms. At the surface of that cluster, there was a
monolayer of 785 H atoms. In contrast to the Sg
cluster studied here, the Sg4g¢ cluster was free of
voids. It can be seen that, in the temperature range
10 K < T < 1,350 K, the self-diffusion coefficient
of the Sg400 nanoparticle, as a rule, is noticeably
smaller than the corresponding coefficient D of the
clusters considered in this study. However, at
T > 1500 K, the increase in the coefficient D of the
Se400 nanoparticle becomes steeper than the increase
in D of the clusters considered here. This is most
likely due to the Stillinger—Weber potential used to
describe the Si-Si interactions in the nanoparticles.
This potential provides a coefficient D larger than
those obtained with the potential used here because of
the substantially higher mobility of surface atoms at a
high temperature.

The estimation of the linear expansion coefficient
p for the Sgq cluster in the temperature range 511-
611 K shows that the Si fullerene filled with 60 H
atoms exhibits the largest value of f (6.09 x 107>
K™'), while the Sgo cluster covered with hydrogen
shells of 60 atoms features the smallest value
(—1.51 x 107 K™"). The negative value of /8 shows
that, in the latter case, we have interplay of various
factors associated with the pressure produced by
hydrogen both inside and outside the cluster and with
the surface tension of the fullerene in vacuum. In
vacuum, the Si fullerene that has kinetic energy
corresponding to the temperature 561 K is character-
ized by a coefficient f§ at least an order of magnitude
larger than the average value of f (3.5 x 107 K™
for crystalline silicon (Shelykh et al. 2006a, b) at the
same temperature.

Conclusion

The results of the computer experiment demonstrated
that the Si;; clusters well adsorb hydrogen at low
temperatures. The hydrogen “coat” is retained
around these particles up to high temperatures
(~1,500-1,600 K). The nanoparticle composed of
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the icosahedron and the fullerene retains the highest
density up to a temperature of 1560 K. The nanoas-
sembled particle has the most stable number (close to
four) of Si—Si bonds per atom in the temperature
range 35 < T < 1,560 K. In each investigated parti-
cle, the constraining sphere size R, increases with the
temperature. In calculations using canonical ensem-
ble the temperature changes of magnitudes 7, and L,
appear more essential, than in case of their definition
with the help of microcanonical ensemble. Moreover,
the particle shape does not deviate significantly from
a spherical shape. As a result, holes should be formed
inside the particles, and these holes can be occupied
by hydrogen. The practical importance of our
investigation is associated with the use of hydrogen
as a fuel.

The calculations show that the Sigq fullerene is not a
stable cluster, as can happen with its Cgy analogue. At
low temperatures, the Sig fullerene placed in vacuum
collapses, which is promoted by the formation of short
chains and small bulk fragments and by the decrease in
the average bond length. At high temperatures, the
broken Sigq fullerene increases its initial volume, and a
fraction of the constituent atoms evaporate, whereas
the remaining atoms are grouped into chains and
ultrasmall clusters consisting of several (2-8) atoms.
At lower temperatures (100 K < 7 < 800 K), the
complete compensation of unpaired Si—Si bonds with
hydrogen inside the fullerene produces the effect of
diffusion “resistance”; in this case, the self-diffusion
coefficient is nearly halved. In addition to the filling of
the fullerene interior space with hydrogen, the creation
of a hydrogen “coat” outside the fullerene tends to
decrease the probability of evaporation of Si atoms, but
does not protect the system from a sharp decrease in the
number of bonds per atom at high temperatures. At a
temperature close to 270-280 K, the Sig, fullerene
filled with 60 hydrogen atoms and covered with a
hydrogen “coat” is close to the boundary of thermal
stability.

Thus, the conclusion can be drawn that the
computer simulation makes it possible to predict the
structure and physical properties of new noncrystal-
line materials and to improve the technology used for
their production. Among the group IV elements, the
perfect icosahedral symmetry is unique to carbon
whose smaller covalent radius generates sufficient
strain to overcome any gain in energy by forming
structures with large coordination.
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