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MOLECULAR DYNAMICS
CALCULATION OF THERMAL CONDUCTIVITY
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IN a-SiO; AND AN a-SiO,-BASED NANOCOMPOSITE

Thermal conductivity in amorphous SiOz (a-SiO2) has been studied in a wide range of tempera-
tures, by using the nonequilibrium molecular dynamics method and the Beest—Kramer—Santen,
Tersoff, and Vashishta empirical potentials. The thermal conductivity of an a-SiOz-based com-
posite with Si nanocrystals is calculated with the use of the Tersoff potential. The thermal
conductivity of the nanocomposite is shown to firstly decrease and then to increase, as the
silicon volumetric ratio grows. The obtained results are explained by the enhanced scattering
of thermal vibrations at the matriz—Si nanocrystal boundaries.
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1. Introduction

Amorphous silicon dioxide (a-SiO2) is an important
material for a number of practical applications owing
to some features of its properties, in particular, the
weak light absorption in the visible spectral range,
chemical inertness, low coefficient of thermal expan-
sion, ete. [1]. From the practical viewpoint, the ther-
mal conductivity k is not a less important param-
eter of a-SiOs. Because of rather a low value of k,
a-SiOq films can be used as thermal barriers at the
manufacture of processors and integrated microcir-
cuits. The thermal conductivity in a-SiO5 should be
taken into consideration, while studying the thermal
properties of graphene layers or carbon nanotubes (in
this case, a-SiOs is used as a thermoinsulating sub-
strate [2,3]). Recently, composites on the basis of the
a-Si09 matrix with Si or Ge nanocrystals have at-
tracted attention; they are considered as promising
materials for the development of novel thermoelec-
tric converters [4-6]. The efficiency of thermoelectric
conversion is known to be determined by the formula
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ZT = S?0T/k, where S is the Seebeck coefficient, o
the electric conductivity, and T the absolute tempera-
ture [7]. The insertion of nanocrystals into the a-SiOq
matrix gives rise to a decrease of the thermal con-
ductivity in the material due to the additional scat-
tering of thermal vibrations at interfaces. Therefore,
one may expect that the thermoelectric quality factor
ZT will grow at that.

The process of heat transfer in amorphous mate-
rials also remains to stay in the focus of fundamen-
tal science, because the thermal transport in them
considerably differs from that in crystalline solids
[8]. Several models were proposed for the description
of the thermal conductivity in amorphous materials,
including a-SiO9, as well as in composite structures
on their basis [9-12]. However, relevant calculations
do not always agree with experimental data. Either
they do not involve the anharmonic coupling between
localized vibrational modes, which is one of the main
mechanisms of heat transfer in complex compounds
of the a-SiOy type [13], or they require the applica-
tion of fitting parameters, which points to a necessity
of further researches.
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Fig. 1. Cross-section of the studied structure: an initial cell in crystalline a-quartz (a), amorphous SiOz after the rapid cooling
of a melt (b), the composite structure: the a-SiO2 matrix and a silicon nanocrystal (c)

The method of molecular dynamics (MD) is re-
garded to be promising for studying the heat trans-
fer in materials at the atomic level. It has already
been applied to simulate the thermal conductivity in a
number of crystalline structures and nanocomposites
[14-16]. However, the capabilities of this method for
calculating the thermal conductivity in amorphous
structures, including a-SiO2, have not been revealed
completely. Moreover, one of the problems met by re-
searchers of the thermal conductivity in those materi-
als with the use of the MD method is a proper choice
of a potential of the interaction between atoms.

When the structure of amorphous SiO, is sim-
ulated with the help of the MD technique, the
classical Beest-Kramer—Santen (BKS) potential is
used as a rule [17]. However, the thermal conduc-
tivity of a-SiOs calculated with the BKS potential
turns out substantially overestimated with respect
to experimental data in a wide temperature inter-
val [18,19]. For Si-O-based compounds, Munetoh [20]
proposed a parametrization for another known po-
tential, the Tersoff one [21], which had been devel-
oped earlier for crystalline Si and Ge. This potential
was used to simulate the structure, parameters, and
dynamic properties of various SiOy modifications, in
particular, the lattice parameter, the bound energies,
and the density of vibrational states [20]. At the same
time, the application of this potential for simulating
the heat transfer processes in SiOs-based structures
is reduced to a few works [22].

One more potential of interaction between atoms
in the Si—O system was proposed by Vashishta et
al. [23]. However, the analysis of literature data testi-
fies that the approbation of this model for researches
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of the thermal conductivity in amorphous SiOs was
not practically carried out.

In this work, the method of nonequilibrium molec-
ular dynamics was used to calculate the thermal con-
ductivity in amorphous SiOs and in a nanocomposite
on the basis of a-SiOs matrix with Si nanocrystals
(Si-nc). The BKS, Tersoff, and Vashishta potentials
are tested, while analyzing the thermal conductivity
of a-Si04 in a wide temperature interval. The Tersoff
potential is used to calculate the thermal conductiv-
ity in the composite a-SiO2/Si-nc at 7' = 300 K and
various volume fractions of Si nanocrystals.

2. Research Methods
2.1. Structure preparation

In order to study the thermal conductivity in a-SiOq
and the nanocomposite a-SiO2/Si-nc, a periodically
repeating a-SiO4y cubic cell with the edge length L.
was generated (Fig. 1). To obtain the cell, we fused
crystalline a-quartz (Fig. 1, a) and then annealed
it at the temperature 7' = 5000 K for 1 ns until
an equilibrium in the liquid phase was attained. The
temperature of the system was monitored, by using
a Nosé-Hoover thermostat. The obtained melt was
cooled down under the constant pressure P =0 at a
rate of 10'* K/s to a temperature of 300 K, at which
the system became thermalized within 1 ns. The re-
sulting structure (Fig. 1, b) was characterized by a
disordered arrangement of silicon and oxygen atoms
and corresponded to the amorphous phase of the Si-O
system.

The nanocomposite structure was created by re-
moving Si and O atoms. A spherical cavity with ra-
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dius R was cut out at the a-SiO5 cell center. The
cavity was filled with silicon atoms located at sites
of the crystal lattice (Fig. 1, ¢). The relaxation of
stresses, which arose when the nanocrystal was in-
serted, was provided by annealing the structure with
the use of the NPT ensemble. Three cells with the
edge size L, = 5, 8, or 10 nm were generated. The
total number of atoms in the structure varied from
10* to 8 x 10%. Depending on the ratio between L.
and R, the volume fraction of silicon 7 changed. It
was determined by the formula n = 47R3/3L3. The
time step in all calculations amounted to 0.5 fs. All
MD calculations were carried out with the help of
the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) code [24].

2.2. Potentials of interaction between atoms
2.2.1. Beest-Kramer—Santen (BKS) potential
In the Beest—Kramer—Santen approach, the energy of

interaction between atoms ¢ and j is written as follows
[16]:

G s
Eij = —=% + Aijexp(=byrij) — 5, (1)
ij i

where g; is the electric charge of atom 7; the constants
Ajj, bij, and ¢;; are determined by the type of inter-
acting atoms; and r;; is the distance between atoms
i and j. The parameter values for the BKS poten-
tial between atoms in the Si—~O-based compounds are
quoted in Table 1.

2.2.2. Tersoff potential

In the Tersoff approach, the energy of interaction be-
tween atoms is determined by the relation [21]

1 e .
E = igfc(Tij)[Aije R —bijBije Hij 7], (2)
1F)

where the first and second terms in the brackets de-
scribe the interatomic repulsion and attraction, re-
spectively; and the function f.(r;;) is determined as
follows:

1, rij < Ryj,

1 1 rii — Ri;
fc(rij) = 5 + §COS [WW} Rij <1y < Sij,

ij

0, Tij > Sij-

(3)
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In Egs. (2) and (3), all heteropolar interaction con-
stants are calculated using the combination rules:
Aij = (A; A)'2, Bij = (B; B))'/?, Rij = (R; R;)'/?,
Sig=(Si Si)M2, pig = (s py)'/%, and Aij=(A; Aj)Y2.
The term that describes the attraction in Eq. (2) is
modulated by the function

bij = xij (1 + B¢y )~/ (4)

As a result, the force of interaction in every
atomic pair becomes dependent on its local environ-
ment. The function

Gi= Y felrin)wing(Oijn), (5)
k#i,j
where
02 02
Oii) =1+ =% — v ; 6
g( .]k)) + d? d? + (hz —COSGijk)Q ( )

describes the angular dependence of the interaction
force. The parameter x;; characterizes the strength of
heteropolar bonds. In particular, for the Si—O system,
xsi-o = 1.17945. The values of other parameters for
the Tersoff potential are quoted in Table 2.

Table 1. Parameters of the BKS
potential for the system Si—O

Z‘*j Aij, eV bij, A71 Cij, eV - AG q;
0-O0 1388.7330 2.76000 175.0000 qgo = —1.2
Si-O | 18003.7572 | 4.87318 133.5381 gsi = 2.4

Table 2. Parameters of the Tersoff
potential for the system Si—O

Material
Parameter
Si e}
A, eV 1830.8 1882.55
B, eV 471.18 419.23
A AT 2.4799 4.17108
w, A1 1.7322 2.35692
Ié; 1.1 x 1076 1.1632 x 10~ 7
n 0.78734 1.04968
c 1.0039 x 10° 1.0643 x 10°
d 16.217 4.11127
h ~0.59825 —0.845922
R, A 2.5 1.7
S, A 2.8 2
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2.2.3. Vashishta potential

To describe the energy of interaction between atoms
in Si-O compounds, Vashishta et al. proposed a po-
tential which looks like

E= Z‘/}f)(ﬁj) + 3"V i), (7)

i<j 1,j<k

Here, VigZ)(Tij) describes the two-particle interaction
and is written as follows:

H;; N ZiZ; 23+ a; 7}

2
V( )(T’L]) = i , 2T4

]

e(=7/m) (8)

where H;; denotes the spatial repulsion force, Z; the
effective charge (in elementary charge units), «; the

-— qd —-

Fig. 2. Schematic diagram of the Miiller-Plathe method for
the calculation of the thermal conductivity

Table 3. Parameters of the Vashishta
potential for the system Si—O

7 z a
Si 1.60 0.00
O —0.80 2.40
i—7 n H
Si—Si 11 0.057
Si-O 9 11.387
0-0 7 51.692
i—j7—k B 0
Si-O-Si 1.40 141.00
0-Si-O 0.35 109.47
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electron polarizability of the i-th ion, 1;; the repulsion
exponent, and 7 the screening length for the dipole
interaction. The term Vlg‘? (rij,rir;) makes allowance
for the three-particle interaction and is determined as
a product of the spatial and angular parts in order to
describe the bend and the extension of interatomic

bonds:

VZ-S-?;’C) (rij,rie) = RO (ri5,m0) PO (0350), (9)
where ; ;

G (rii 7)) = Bis
R (le7T2k) ijk €XP <'rij ~ 1o + on — To) X
X@(TQ—Tij)@(To—Tik), (10)
P (0:1) = (cos b1, — cos Oij1,)> (11)

In Egs. (10) and (11), By is the strength of the
three-particle interaction, 6;;, the angle between the
vectors rj; and ry;, and © the Heaviside function. The
parameter values for the Vashishta potential between
atoms in the Si—O system are quoted in Table 3.

2.3. Calculation of the thermal
conductivity

The thermal conductivity in amorphous SiOs and
the composite a-SiOy/Si-nc was studied within the
nonequilibrium molecular dynamics method and the
Miiller-Plathe algorithm [25]. The principle of the
latter is illustrated in Fig. 2. Regions of hot and
cold thermostats are created in the simulated spec-
imen. The hot thermostat is located at the center of
the specimen, and the cold ones at its ends. A steady
thermal flux q emerges in the specimen, being di-
rected from the hot thermostat in opposite directions,
which gives rise to the appearance of the tempera-
ture gradient d7T'/dz. In order to determine the ther-
mal conductivity k in the selected direction z, the re-
searched specimen is divided into 2N cells. The cen-
tral cell (number 1) is considered to be hot, and the
end cells (with numbers £N) to be cold. The ther-
mal flux q is created owing to the velocity exchange
between “hot” atoms in cell 1 and “cold” atoms in cell
N. It is determined by the formula

> [ Mg -2 Q%A

transfers

q= (12)

where the subscripts “A” and “c¢’” mean “hot” and
“cold” atoms, respectively; ¢ is the time interval, dur-
ing which the energy is transferred; A, the area of the
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transverse cross-section of the structure; and M the
atomic mass.

After reaching the stationary state, the tempera-
ture of the m-th cell, T,,, is determined by averaging
the kinetic energy of n,, atoms in this cell within the
time interval tg,,,

1 1
T = -— Z |:3nka ;Mll’g(t)]v

t
av t

(13)

where kp is the Boltzmann constant. Knowing the
heat flux and the temperature distribution along the
direction z, the thermal conductivity k£ can be deter-
mined from the Fourier law:

q

k= TdT/dz

(14)

In this work, the kinetic energy of atoms in the struc-
ture was averaged within 7.5 ns, and every k-value
was determined by averaging over five independent
simulations.

2.4. Calculation of the density
of vibrational states

The density of vibrational states was calculated by
applying the Fourier transformation to the velocity
autocorrelation function [26]

(15)

where v(0) and v(7) are the particle velocity vectors
at the time moments ¢ = 0 and 7, respectively. The
averaging in Eq. (15) was carried out for all parti-
cles at T = 300 K and within 7 = 50 ps. The den-
sity of vibrational states was calculated as a quantity
that is proportional to the Fourier transform of the
Z-function averaged over all particles:

n(w) ~ /Z(T)eiwdr (16)

3. Results and Their Discussion

The value of thermal conductivity calculated within
the Miiller—Plathe method is known to be sensitive to
the cell size L:

1 1 «a

- 4= 1
e PR (17)
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Fig. 8. Temperature dependences of the thermal conductiv-
ity in a-SiOg calculated, by using the BKS (1), Tersoff (2),
and Vashishta (8) potentials. Curve 4 corresponds to the ex-

perimental dependence k(T") obtained according to the data of
work [27]

where kg is the thermal conductivity calculated for
a cell with the size L., k the value extrapolated to
the case of bulk material (L, — 00), and the coeffi-
cient a does not depend on L.. Therefore, the thermal
conductivity for bulk a-SiOs was determined by pre-
liminarily plotting the dependences of the reciprocal
thermal conductivity 1/kg on the reciprocal length
1/L., which were then extrapolated to L. — oco. In
Fig. 3, the results of MD calculations of the temper-
ature dependence of the thermal conductivity for a-
SiOg with the use of the described technique with
engaging all three potentials of interaction between
atoms are shown (curves 1-3). For comparison, the
experimental dependence k(T') obtained in work [27]
is also depicted (curve 4).

From the presented data, it follows that the MD
simulation with the BKS potential gives overesti-
mated values for the thermal conductivity of a-SiOq
in the whole researched temperature interval. In the
low-temperature section (T' ~ 50 K), the theoretical
k-values exceed the experimental ones by almost a
factor of 5. As the temperature grows, this discrep-
ancy gradually decreases to approximately 30% at
T ~ 500 K. This result agrees with the data obtained
by other authors [18,19] and demonstrates the limited
capabilities of the BKS potential for the calculation
of the thermal conductivity in a-SiOs.

The MD simulation with the Tersoff potential also
gives rise to deviations of the theoretical depen-
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F1ig. 4. Density of vibrational states in a-SiO3z calculated with

the use of the Vashishta (1), BKS (2), and Tersoff (3) po-

tentials. Curve 4 corresponds to the experimental dependence
n(hw) obtained according to the data of work [28]
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Fig. 5. Relative thermal conductivity of the nanocomposite
a-SiO2/Si-nc as a function of the volume fraction of silicon

dence k(T') from the experimental one. In the low-
temperature section, the theoretical k-values turn
out overestimated with respect to the experiment by
approximately a factor of two. As the temperature
grows, the inverse relationship is established so that,
at T ~ 500 K, the theoretical k-values are smaller
than the experimental ones by 25%. Moreover, the
thermal conductivity calculated with the Tersoff po-
tential grows more slowly with the temperature than
the experimental curve k(7).

The application of the Vashishta potential for the
calculation of the thermal conductivity in a-SiOs re-
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sults in considerably underestimated values in a wide
temperature interval. The corresponding theoretical
dependence k(T") demonstrates a weak variation of k
with the temperature. In particular, in the interval
T = 50500 K, the value of k changes from 0.69 to
0.92 W/(m K), whereas the experimental data vary
from 0.32 to 1.56 W/(m K).

Hence, of three studied potentials for the inter-
action between atoms, the Tersoff potential brings
about the k-value for a-SiO; at room temperature
that is the closest to the experimental one, kcxp;
namely, & = 1.17 W/(m K), which is only 11%
lower than Key,. The corresponding values of %k cal-
culated in the framework of the MD method with the
BKS and Vashishta potentials amount to 1.93 and
0.86 W/(m K), respectively. The mismatch between
the experimental and calculated dependences k(T') for
amorphous SiO5 has several origins. First, the tem-
perature dependence of the thermal conductivity in
solids at low temperatures is known to be determined
by the behavior of the heat capacity C,. The lat-
ter parameter drastically diminishes as the temper-
ature decreases [8]. In classical molecular dynamics,
the value of C, is a temperature-independent con-
stant (the Dulong—Petit law). Therefore, the k-values
calculated at low temperatures will be overestimated
with respect to the experimental data irrespective of
the chosen potential. Second, the mismatch of theo-
retical and experimental k-values is also associated
with shortcomings in the parametrization of the po-
tentials of atom-to-atom interaction selected for the
calculation of the thermal conductivity in the amor-
phous phase of the Si—O system.

The density of vibrational states, n(w), is an im-
portant characteristic of the thermal motion of atoms
in solids. It was calculated following the technique
that was described in Section 2. Figure 4 illustrates
the results of MD calculations of the dependence
n(w) at T = 300 K obtained for the potentials of
interatomic interaction described above (curves I1-
3) and the experimental dependence adapted from
work [28] (curve 4). It is known that three bands —
in vicinities of 40, 100, and 130-150 meV — are dis-
tinguished in the spectrum of vibrational states in
amorphous silicon dioxide. They are associated with
the torsional, bending, and stretching-compression,
respectively, vibrations of Si-O-Si bonds. The results
obtained (Fig. 4) testify that the potentials of in-
teraction between atoms, which were used in this
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work, bring about considerably different n(w) spec-
tra. In particular, the dependence n(w) calculated
with the use of the Vashishta potential is character-
ized by the absence of high-frequency bands that cor-
respond to the bending and stretching-compression
vibrations. On the other hand, the application of the
BKS potential practically does not allow the bands
associated with the torsional and bending vibrations
to be resolved. At the same time, the calculations
with the Tersoff potential satisfactorily reproduce
both the structure of the experimental dependence
n(w) and the frequency positions of separate bands.

Taking those facts into account, the Tersoff poten-
tial was chosen for further calculations of the ther-
mal conductivity in the nanocomposite on the basis of
the a-SiO5 matrix with a spherical silicon nanocrys-
tal. We studied the relative change of the thermal
conductivity in this material, kxc/kn (knc and ki,
are the thermal conductivity in the structure with
Si nanoinclusions and in the pure a-SiO2 matrix, re-
spectively), as a function of the volume fraction of sil-
icon nanocrystals, 7, which was changed by choosing
the corresponding radius of nanocrystals. The tem-
perature was selected to be T'= 300 K. From the re-
sults of calculations that are presented in Fig. 5, one
can see that if the fraction of silicon nanocrystals in-
creases, the thermal conductivity in the nanocompos-
ite smoothly decreases at first, passes through a mini-
mum at some threshold value 7, and then grows. In
our opinion, such a behavior of the dependence k(n)
is a result of two competing factors. On the one hand,
the increase of the silicon fraction should stimulate a
permanent growth of the thermal conductivity in the
nanocomposite, because the thermal conductivity of
Si is higher in comparison with that in the a-SiOq
matrix material. But on the other hand, the growth
of n and, accordingly, the radius of Si nanocrystals
is accompanied by the growth of the area of the ma-
trix/nanocrystal boundary, at which thermal vibra-
tions are scattered. The latter process stimulates a
reduction of the thermal conductivity. Therefore, the
recession in the dependence k(n) at n < my can be
explained by the dominant role of the scattering of
thermal vibrations by the nanocrystal boundaries. At
the same time, the growth of k£ at n > ny, is governed
by a high content of the thermal-conducting mate-
rial (silicon). This result demonstrates a possibility
to vary the thermal conductivity in the nanocompos-
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ite material a-SiOq /Si-nc, which may form a basis for
the development of thermoelectric converters.

4. Conclusions

In this work, using the method of nonequilibrium
molecular dynamics, the temperature dependence
of the thermal conductivity k& in amorphous SiOq
was calculated, with engaging the empirical Beest—
Kramer—Santen, Tersoff, and Vashishta potentials for
the interaction between atoms. In the interval of room
temperatures, the Tersoff potential was found to give
the k-value that is the closest to experimental data
and better reproduces the spectrum of vibrational
modes in a-SiOy. The Tersoff potential was used to
simulate the change of the thermal conductivity in
a composite material on the basis of a a-SiOy ma-
trix with Si nanoinclusions as a function of the vol-
ume fraction 7 of silicon, k(n). The results obtained
were explained by the action of two competing fac-
tors: 1) the increase of the area of nanocrystal bound-
aries, which manifests itself in a reduction of the de-
pendence k(n) at low 7; and 2) the increase of the
fraction of the material with a high thermal conduc-
tivity (Si), which gives rise to the growth of k at n
above a certain threshold value ny,.

The authors express their gratitude to M.M. Bogo-
lyubov Institute for Theoretical Physics of the NAS
of Ukraine for the access to the Grid computer clus-
ter used in calculations by the molecular dynamics
method.
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B.B. Kypunox, C.C. Cemuyx

PO3BPAXYHOK TEIIJIOITPOBIJHOCTI a-SiO2
TA HAHOKOMIIO3UTA HA MOI'O OCHOBI METOJIOM
MOJIEKYJIAPHOI INHAMIKU

Pesmowme

3a J0MOMOrol METOJly HEPIBHOBarXKHOI MOJIEKYJISPHOI JMHA-
MiKM po3paxoBaHO TemIonposigHicTs amopduoro SiO2 B mu-
pOKOMY iHTepBaJjii TeMIlepaTyp 3 BUKOPUCTAHHSM €MIIIPUIHUX
noTeHIjiaaiB mizkaroMHOl B3aeMmoil Bicra—Kpamepa—Cenrena,
Tepcodbda Tta Bammmru. 3 Bukopucranuam norenmiany Tep-
codda po3paxoBaHO TEIJIONPOBIAHICTL KOMIIO3UTA HA OCHO-
Bl amopdmuoro SiO2 3 mamokpucramamu Si. Ilokazano, mo 3i
361IbIIIEHHAM 06’€MHOT YaCTKH KPEMHIEBUX HAHOKPHUCTAJIB Te-
IIOIIPOBIAHICTS HAHOKOMIIO3UTA CIIOYATKY 3MEHIIYETHCS, I0-
csirae MiHIMyMy i mo4mnae nocrynoso 3pocraru. OTpumani pe-
3yJIBTATH ITOSICHEHO 3 TOYKH 30pY PO3CIIOBAHHSI TEIJIOBUX KO-
JIMBaHb HA MEXKaX MOy MaTPUIs—HAHOKPHUCTAJ.
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