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THERMAL CONDUCTIVITY OF SI
NANOWIRES WITH AN AMORPHOUS SiO2

SHELL: A MOLECULAR DYNAMICS STUDY

The processes of thermal transport in Si nanowires covered with an amorphous SiO2 shell have
been studied using the nonequilibrium molecular dynamics method. The influence of the amor-
phous layer thickness, radius of the crystalline silicon core, and temperature on the thermal
conductivity of the nanowires is considered. It is found that the increase of the amorphous shell
thickness diminishes the thermal conductivity in Si/SiO2 nanowires of the core-shell type. The
results obtained also testify that the thermal conductivity of Si/SiO2 nanowires at 300 K in-
creases with the cross-section area of the crystalline Si core. The temperature dependence of
the thermal conductivity coefficient in Si/SiO2 nanowires of the core-shell type is found to be
considerably weaker than that in crystalline silicon nanowires. This difference was shown to
result from different dominant mechanisms of phonon scattering in those nanowires. The re-
sults obtained demonstrate that Si/SiO2 nanowires are a promising material for thermoelectric
applications.
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1. Introduction

During the last decade, silicon nanowires have been
permanently integrated into modern electronic, sen-
sor, and optoelectronic techniques. The unique phys-
ical properties of nanowires, on the one hand, and the
compatibility of the methods of their synthesis with
the available silicon technology, on the other hand, fa-
vor the intensive development of nanowire researches
and their implementation in various fields. In partic-
ular, Si nanowires are considered as a basis for the
manufacture of field-effect transistors [1], solar cells
[2], and ultrasensitive electro-mechanical and biologi-
cal sensors [3]. Prospects for the application of silicon
wires to improve the functional parameters of light-
emitting devices [4] and lithium-ion batteries [5] are
actively studied.
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A separate direction of modern researches is the
study of the capabilities of Si nanostructures to in-
crease the efficiency of energy conversion in thermo-
electric elements [6–8]. It is known that the efficiency
of thermoelectric element is determined by a dimen-
sionless quantity, the figure of merit 𝑍𝑇 [9]

𝑍𝑇 =
𝑆2𝜎𝑇

𝑘
, (1)

where 𝑆 is the Seebeck coefficient, 𝜎 the specific elec-
trical conductance, 𝑘 the thermal conductivity, and
𝑇 the temperature. As follows from formula (1), one
of the ways to elevate the efficiency of thermoelectric
conversion consists in reducing the thermal conduc-
tivity of the working material without inserting sub-
stantial changes into its electrical conductivity. Semi-
conductor nanowires allow the thermal conductivity
to be properly modified owing to their developed sur-
face, which serves as an additional source of phonon



V.V. Kuryliuk, S.S. Semchuk, A.M. Kuryliuk et al.

Fig. 1. Geometry of the Si/SiO2 core-shell nanowire. Si and
O atoms are exhibited by light and dark circles, respectively

scattering. In particular, it was found experimentally
that the 𝑍𝑇 value in silicon nanowires with a rough
surface approaches unity (𝑍𝑇 → 1) because of an al-
most 100-fold reduction in their thermal conductivity
𝑘 as compared with its counterpart in bulk Si [10].

In order to further elevate the figure of merit 𝑍𝑇 ,
the authors of a number of theoretical works pro-
posed a wide range of methods aimed at reducing
the thermal conductivity of nanowires. In particular,
those methods include the optimization of geometric
parameters (such as the cross-section [11], the crys-
tallographic orientation [12], and the degree of struc-
ture porosity [13]), the variation of the composite [14]
and defect [15] content in nanowires, their deforma-
tion [16], and the creation of superlattices [17]. On
the other hand, modern experimental studies also
open up new ways to control the value of the ther-
mal conductivity 𝑘 in nanowires. In particular, using
the Raman scattering method, a strong anisotropy
of 𝑘 was found in arrays of silicon nanowires [18],
which allows the thermal conductivity of the mate-
rial to be controllably varied by appropriately select-
ing the heat flow direction. A not less effective way
to reduce the thermal conductivity of Si nanowires
is the synthesis of structures with a rough surface
[19]. In recent experiments with silicon nanowires, a
possibility was demonstrated to vary their thermal
conductivity within a wide interval of values either
by non-uniformly distributing the doping impurities
in nanowires [20] or by choosing the doping level for
the Si substrates on which the nanowires are synthe-
sized [21].

Another method of reducing the thermal conduc-
tivity of nanowires consists in the application of struc-
tures with the core-shell architecture, in particular,
Si/Ge nanowires [22]. In particular, it was shown that

the deposition of a thin Ge shell on a silicon nanowire
stimulates a reduction in the nanowire thermal con-
ductivity by about 75% [23]. The transformation of
the crystalline shell into the amorphous one by amor-
phizing the surface Si layer can enhance the reduc-
tion of the thermal conductivity to 80% [24]. But the
physical mechanisms responsible for a reduction of
the thermal conductivity in such nanowires, as well
as the prospects of their application in thermoelectric
devices, are far from being analyzed at length.

An amorphous shell around a silicon nanowire core
can be relatively easily produced in the process of na-
nowire synthesis through the formation of a layer of
natural SiO2 oxide with a varied thickness. In this
work, the thermal properties of silicon nanowires
with an amorphous SiO2 shell are studied. In par-
ticular, using the method of nonequilibrium molec-
ular dynamics, the influence of the SiO2 shell thick-
ness on the thermal conductivity of nanowires and its
temperature dependence is considered. The obtained
data were analyzed in terms of the phonon scatter-
ing processes at the crystalline core/amorphous shell
interface.

2. Research Technique

The processes of heat transfer in a cylindrical nano-
wire consisting of a crystalline silicon core with the
radius 𝑅core and surrounded by an external amor-
phous SiO2 shell with the thickness 𝑑 were studied
(Fig. 1). At the first stage of constructing the model
structure, a continuous nanowire of amorphous SiO2

was generated. For this purpose, the structure of crys-
talline 𝛼-SiO2 quartz of trigonal syngony with the
lattice parameters 𝑎 = 4.19 Å and 𝑐 = 5.40 Å was
used. The amorphization was performed by holding
the system at the temperature 𝑇 = 3000 K and,
afterward, by subjecting it to the drastic cooling
(1011 K/s) to 𝑇 = 300 K under the conditions of a
Langevin thermostat. Afterward, all Si and O atoms
located within the radius 𝑅core from the axis of the
amorphous nanowire were removed, so that a cylin-
drical cavity was created. This cavity was filled with
Si atoms located at the crystal lattice sites.

The heat transfer processes in nanowires were sim-
ulated using the molecular dynamics software package
LAMMPS [25]. Periodic boundary conditions were
imposed at the faces perpendicular to the nano-
wire axis, whereas the lateral surface was considered
free. The examined structure had been held at con-
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stant pressure and temperature (the NPT ensemble)
for 250 ps until the complete relaxation of mechani-
cal stresses is attained. The equations of motion were
integrated with a time increment of 0.5 fs. The inter-
action between the atoms in the nanowires was de-
scribed using the Tersoff empirical potential [26]. Its
application brings about satisfactory results, when
considering heat transfer processes in nanostructures
on the basis of amorphous SiO2 with silicon [27] or
germanium [28].

The thermal conductivity coefficient 𝑘 was deter-
mined along the axis of researched cylindrical nano-
wires (the 𝑂𝑧 direction in Fig. 1). Its calculations
were carried in the framework of the nonequilibrium
molecular dynamics method using the Müller–Plathe
algorithm [29]. This algorithm makes it possible to
determine the value of 𝑘 on the basis of the Fourier
law,

𝑘 = − 𝑞𝑧
𝑑𝑇/𝑑𝑧

, (2)

where 𝑞𝑧 and 𝑑𝑇/𝑑𝑧 are the heat flux and the tem-
perature gradient in the selected direction, respec-
tively. In the Müller–Plathe algorithm, the following
procedure is applied to “create” the heat flux.

At the first stage, the studied structure is divided
into thin layers. The central layer is called “hot”, and
one of the external layers is “cold” (see Fig. 2). Du-
ring the process of dynamic evolution, an atom with
the minimum velocity 𝜐ℎ (the kinetic energy) in the
“hot” layer and an atom with the maximum velocity
𝜐𝑐 in the “cold” layer are regularly determined after
a certain number of time steps. Those two atoms are
simulated to exchange their velocities (energies), and
this procedure is equivalent to the appearance of the
heat flux

𝑞𝑧 =
1

2𝑡𝑆

∑︁
𝑁transfers

1

2
𝑀 [𝜐2

𝑐 − 𝜐2
ℎ] (3)

in the structure, where 𝑡 is the time required for
the atoms to exchange their velocities, 𝑆 the area of
the specimen cross-section, and 𝑀 the mass of each
atom. After a good number of velocity exchanges, the
average kinetic energy of the atoms in the “hot” layer
(and, hence, the temperature of this layer) becomes
higher than the average kinetic energy of the atoms
(and, hence, the average temperature) over the speci-
men. Accordingly, the temperature of the “cold” layer
becomes lower than the average temperature over the

Fig. 2. Scheme explaining the Müller–Plathe algorithm for
the determination of the thermal conductivity in a nanowire.
In the upper part of the figure, the dashed curves distinguish
the central and two outermost layers of the nanowire. The ar-
rows indicate the direction of a heat flow q in the structure.
The lower part schematically illustrates the temperature dis-
tribution along the nanowire. The straight-line sections in the
dependence 𝑇 (𝑧) mark intervals, where the temperature gradi-
ent is determined

specimen. The temperature of every 𝑖-th layer, 𝑇𝑖,
can be calculated from the relation

𝑇𝑖 =
1

𝑡av

∑︁
𝑡

⎡⎣1

3
𝑁𝑖𝑘B

𝑁𝑖∑︁
𝑗=1

𝑀𝑗𝜐
2
𝑗

⎤⎦, (4)

where 𝑁𝑖 is the number of atoms in the 𝑖-th layer,
𝑘B the Boltzmann constant, and 𝑡av the time interval
used to calculate the average temperature.

The thermal conductivity was calculated following
the Müller–Plathe algorithm, when a stationary heat
flux through the structure was established. In this
work, the evolution of the total system energy 𝐸(𝑡)
was analyzed. Its linear dependence testified to the
establishment of stationary conditions and a station-
ary temperature profile 𝑇 (𝑧) along the specimen. To
eliminate the influence of the specimen boundaries,
when calculating the temperature gradient 𝑑𝑇/𝑑𝑧 in
the structure, linear sections in the dependence 𝑇 (𝑧)
were selected (see Fig. 2). Now, knowing the values of
𝑞𝑧 and 𝑑𝑇/𝑑𝑧, the thermal conductivity of the struc-
ture can be calculated using formula (2).

3. Results and Their Discussion

At the first stage of studies, we calculated the tem-
perature dependences of the thermal conductivity in
Si nanowires with amorphous SiO2 shells. Figure 3
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Fig. 3. Temperature dependences of the thermal conductivity
coefficient for Si (1 ), Si/SiO2 (2 ), and SiO2 (3 ) nanowires

demonstrates the obtained 𝑘(𝑇 ) dependences for
three nanowires with the same radius 𝑅 = 3.5 nm: a
crystalline-Si nanowire without any amorphous shell,
a Si nanowire with a SiO2 shell 0.5 nm in thickness,
and a totally amorphous SiO2 nanowire without any
crystalline-silicon core. In the whole examined tem-
perature interval from 300 to 800 K, the silicon nano-
wire had the highest thermal conductivity, the amor-
phous SiO2 nanowire was characterized by a mini-
mum 𝑘, and the core/shell nanowire revealed interme-
diate values of its thermal conductivity. As the tem-
perature increased, the thermal conductivity of the
Si and Si/SiO2 nanowires monotonically decreased,
whereas the value of 𝑘 for the amorphous SiO2 nano-
wire practically did not change and remained equal to
about 𝑘 = 1.3 W/(m ·K), which is close to the ther-
mal conductivity in massive SiO2 [28]. An approxima-
tion of the obtained dependences 𝑘(𝑇 ) showed that
𝑘 ∼ 𝑇−0.4 for the silicon nanowire, 𝑘 ∼ 𝑇−0.2 for the
Si nanowire with the SiO2 shell, and 𝑘 ∼ 𝑇 0 for the
amorphous SiO2 nanowire.

It is known that the phonon thermal conductivity
in solids can be estimated by the formula

𝑘 =
1

3
𝑐ph𝜐ph𝜆ph, (5)

where 𝑐ph, 𝜐ph, and 𝜆ph are the heat capacity, ve-
locity, and free path of phonons, respectively. At
sufficiently high temperatures, the heat capacity of
solids is constant in agreement with the Dulong–
Petit law, and the velocity of phonon propagation
also weakly varies with the temperature. Therefore,
the dependence 𝑘(𝑇 ) at high temperatures is gov-

erned by the temperature dependence of the phonon
free path length. As the temperature increases, the
phonon-phonon scattering processes become a domi-
nant mechanism that restricts the motion of phonons,
and their free path length 𝜆ph is reciprocal to the
phonon concentration 𝑛ph. On the other hand, since
𝑛ph ∼ 𝑇 at high temperatures, the proportionality
𝑘 ∼ 𝑇−1 should be obeyed for Si single crystals. This
conclusion is confirmed experimentally [30].

When changing from an infinite single crystal to
a nanowire, the characteristic size of the system de-
creases, and another mechanism restricting the mo-
tion of phonons becomes active. This is the scattering
at the material boundaries. If the characteristic size
of the system 𝐿 becomes comparable to the free path
length of phonons, we obtain 𝜆ph ∼ 𝐿 = const and,
as a result, 𝑘 ∼ 𝑇 0. This scenario takes place, e.g., in
the amorphous nanowire, where thermal vibrations
are confined to a few interatomic distances because
of the structural disorder. From the above consider-
ations, it follows that the dependence 𝑘 ∼ 𝑇−0.4 ob-
tained for the Si nanowire is a result of two compet-
ing scattering mechanisms: phonon-phonon screening
(with the dependence 𝑘 ∼ 𝑇−1) and scattering at the
lateral surface of nanowire (for which 𝑘 ∼ 𝑇 0).

A slower variation of the thermal conductivity in
the Si/SiO2 nanowire with an amorphous shell, as the
temperature grows, can be explained by the follow-
ing factors. First, the Si/SiO2 nanowire has a smaller
radius of its crystalline core in comparison with the
silicon nanowire and, accordingly, a smaller volume of
the thermally conductive material and a larger spe-
cific surface area, which results in a stronger phonon
scattering and a simultaneous reduction of the ther-
mal conductivity of the structure. Second, as was
shown in work [31], the phonon spectrum of Si/SiO2

heterostructures contains (at 𝑓 < 4 THz) a new low-
frequency band of localized vibrations of atoms situ-
ated at the Si/SiO2 interface. A random distribution
of those vibrational states at the heterointerface of
the studied nanowire provokes the additional scatter-
ing of thermal vibrations with a corresponding reduc-
tion of the 𝑘 value.

To analyze the influence of the thickness of the SiO2

oxide shell on the thermal conductivity of the nano-
wire, we calculated the dependences 𝑘(𝑑/𝑅core) for
SiO2 nanowires with a fixed radius of the crystalline
silicon core (𝑅core = const). The curves 𝑘(𝑑/𝑅core)
obtained for two nanowires with 𝑅core = 1.5 and
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3 nm at 𝑇 = 300 K are shown in Fig. 4. The na-
nowire with a larger radius of its crystalline core has
the higher thermal conductivity 𝑘 in the whole in-
terval of 𝑑/𝑅core values. This result can be under-
stood bearing in mind that the nanowire with the
smaller 𝑅core has a larger specific surface area of
the thermally conductive crystalline core, which gives
rise to a higher intensity of the phonon scattering at
the Si/SiO2 heterointerface. As the thickness 𝑑 of the
amorphous SiO2 shell increases, a monotonic decrease
in the thermal conductivity 𝑘 of the analyzed nano-
wires is observed. The growth of the ratio 𝑑/𝑅core

from 0.1 to 0.7 brings about an almost 1.5-reduction
of the 𝑘 value for both nanowires.

When explaining such a behavior of the thermal
conductivity coefficient, it should be taken into ac-
count that heat is transferred in Si/SiO2 nanowires
through two independent channels: the crystalline
core and the amorphous shell. The resulting thermal
conductivity of the nanowire is determined by the vol-
ume fraction of each channel and the value of its own
thermal conductivity, and it can be described by the
following simple relation [32]:

𝑘 =
𝑘core𝑅

2
core

(𝑅core + 𝑑)2
+

𝑘shell((𝑅core + 𝑑)2 −𝑅2
core)

(𝑅core + 𝑑)2
, (6)

where the first and second terms on the right-hand
side are the thermal conductivities of the core and
shell, respectively, times their volume fractions in the
nanowire. As follows from the above expression, the
increase of the amorphous shell thickness 𝑑, provided
a constant value of the crystalline core radius 𝑅core,
enlarges the volume fraction of the material with the
low thermal conductivity, which ultimately leads to
a reduction of the total thermal conductivity of the
nanowire.

The analysis of expression (6) also demonstrates
that the total thermal conductivity of Si/SiO2 nano-
wires increases with the radius of the crystalline core,
if the thickness 𝑑 of the amorphous SiO2 shell remains
constant. This conclusion is confirmed by the results
of calculations that are shown in Fig. 5 for two nano-
wires with the fixed thicknesses of their SiO2 shells:
𝑑 = 0.5 and 1 nm.

The thermal conductivity coefficient of the amor-
phous SiO2 nanowire (𝑅core = 0) is approximately
equal to 𝑘 = 1.3 W/(m ·K) and increases rapidly with
the fraction of the crystalline core in the nanowire. In

Fig. 4. Dependences of the thermal conductivity in Si/SiO2

nanowires with the crystalline-core radius 𝑅core = 1.5 (1 ) and
3 nm (2 ) on the thickness 𝑑 of the amorphous shell SiO2, The
temperature 𝑇 = 300 K

Fig. 5. Dependence of the thermal conductivity in Si/SiO2

nanowires with a fixed thickness of the amorphous SiO2 shell
𝑑 = 0.5 (1 ) and 1.0 nm (2 ) on the radius 𝑑 of the crystalline
Si core. The temperature 𝑇 = 300 K

particular, if 𝑅core increases to 4 nm, the value of 𝑘
increases drastically to almost 5 and 4 W/(m ·K) in
nanowires with 𝑑 = 0.5 and 1.0 nm, respectively. The
obtained results testify that the thermal conductiv-
ity of Si nanowires can be controlled by varying the
thickness of the oxide shell, which can be easily real-
ized when growing those structures.

4. Conclusions

The coefficient of thermal conductivity 𝑘 in silicon
nanowires with an amorphous SiO2 shell is calcu-
lated using the method of nonequilibrium molecu-
lar dynamics. By analyzing the obtained temperature
dependences 𝑘(𝑇 ), it is shown that the heat trans-
fer processes in the researched Si/SiO2 nanowires
are driven by two competing scattering mechanisms:
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phonon-phonon and phonon-boundary screening. It is
found that the growth of the thickness of the amor-
phous SiO2 shell at a constant radius of the crystalline
Si core results in a reduction of the thermal conduc-
tivity in the Si/SiO2 nanowires. On the other hand,
if the thickness of the natural oxide layer is fixed, the
thermal conductivity of nanowires increases sharply
with the radius of the silicon core. The obtained re-
sults can serve as a basis for developing the methods
aimed at the optimization of thermoelectric transduc-
ers based on silicon nanostructures.
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and S.S. Semchuk acknowledges the partial support
by National Research Foundation of Ukraine (project
2020.02/0067).

1. Y. Cui, Z. Zhong, D. Wang, W.U. Wang, C.M. Lieber.
High performance silicon nanowire field effect transistors.
Nano Letters 3, 149 (2003).

2. Y. He, W. Yu, G. Ouyang. Shape-dependent conversion
efficiency of Si nanowire solar cells with polygonal cross-
sections. J. Appl. Phys. 119, 225101 (2016).

3. M.N. Esfahani, Y. Kilinc, M.C. Karakan, E. Orhan,
M.S. Hanay, Y. Leblebici, B.E. Alaca. Piezoresistive sili-
con nanowire resonators as embedded building blocks in
thick SOI. J. Micromech. Microeng. 28, 045006 (2018).

4. A.K. Katiyar, A.K. Sinha, S. Manna, S.K. Ray. Fabrication
of Si/ZnS radial nanowire heterojunction arrays for white
light emitting devices on si substrates. ACS Appl. Mater.
Interf. 6, 15007 (2014).

5. Y. Yang, W. Yuan, W. Kang, Y. Ye, Q. Pan, X. Zhang,
Y. Ke, C. Wang, Z. Qiu, Y. Tang. A review on silicon na-
nowire-based anodes for next-generation high-performance
lithium-ion batteries from a material-based perspective.
Sustain. Energ. Fuels 3, 1 (2020).

6. N.I. Goktas, P. Wilson, A. Ghukasyan, D. Wagner,
S. McNamee, R.R. LaPierre Nanowires for energy: A re-
view. Appl. Phys. Rev. 5, 041305 (2018).

7. F. Domı́nguez-Adame, M. Mart́ın-González, D. Sánchez,
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ТЕПЛОПРОВIДНIСТЬ Si
НАНОНИТОК З АМОРФНОЮ SiO2 ОБОЛОНКОЮ:
МОЛЕКУЛЯРНО-ДИНАМIЧНИЙ РОЗРАХУНОК

Методом нерiвноважної молекулярної динамiки дослiдже-
но процеси теплового транспорту в Si нанонитках, покри-
тих оболонкою аморфного SiO2. Розглянуто вплив товщини
аморфного шару, радiуса кристалiчного кремнiєвого ядра i
температури на величину коефiцiєнта теплопровiдностi на-
нониток. Встановлено, що збiльшення товщини аморфної
оболонки зумовлює зменшення теплопровiдностi Si/SiO2

нанониток типу ядро-оболонка. Результати також показу-
ють, що теплопровiднiсть Si/SiO2 нанониток при 300 К
зростає зi збiльшенням площi поперечного перерiзу кри-
сталiчного Si ядра. Виявлено, що температурна залежнiсть
коефiцiєнта теплопровiдностi Si/SiO2 нанониток типу ядро-
оболонка є суттєво слабшою, нiж в кристалiчних кремнiє-
вих нанонитках. Показано, що така вiдмiннiсть є результа-
том рiзних домiнуючих механiзмiв фононного розсiювання
в нанонитках. Отриманi результати демонструють, що на-
нонитки Si/SiO2 є перспективним матерiалом для термо-
електричних застосувань.

Ключ о в i с л о в а: коефiцiєнт теплопровiдностi, нанонит-
ка, кремнiй, молекулярна динамiка.
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