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Abstract Non-equilibrium molecular dynamics calcula-
tions were performed in order to obtain the thermal con-
ductivity coefficients of InSb nanowires in comparison
with the bulk system value. For bulk, the value obtained
was 16 £ 2 Wm~' K~' which is in very good agreement
with experimental value of 15 Wm™' K~!, and the ther-
mal conductivity of the nanowires were 0.54 £ 0.01
Wm™' K" and 0.50 & 0.01 Wm™' K" fora 5 and 4 unit
cells square cross-sectional nanowires, respectively, which
is almost two orders of magnitude smaller. This result is in
agreement with other simulations performed for other
materials.

Introduction

Thermal conductivity in nanometrical systems is a subject
of great interest in materials science and engineering. With
the miniaturization of devices reaching nanometrical
scales, it became very important to know how heat trans-
port occurs in systems whose dimensions are of this order.
This issue is particularly important for electronic devices,
such as microprocessors, where the temperature must
remain at low values to guarantee maximum performance
and minimum energy consumption.

In the last few years a significant number of papers have
been published with respect to thermal properties in
nanosystems, like nanowires, nanorods, or nanotubes, of a
variety of materials such as Si [1-8], Si/Ge [9], GaN [10],
C [11, 12], and SiC [13]. Previous results show that for
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systems with small dimensions the thermal conductivity
coefficient diminishes with the system diameter. This effect
can be explained by the phonon surface roughness scat-
tering [3, 14-16].

Indium antimonide (InSb), in particular, is a material
with various important applications such as fast transistors
(actually much faster than silicon ones and with lower
energy consumption) [17] and thermal sensors for imaging
devices [18]. In these devices an extremely efficient heat
removal scheme is mandatory to maintain the temperature
low, avoiding damages and keeping high performance.

In this article, we investigate the thermal conduction of
InSb nanowires using non-equilibrium molecular dynamics
simulations (NEMD). The results show that the InSb
nanowires also present significant reduction in thermal
conductivity coefficient in comparison with bulk thermal
transport at room temperature.

The potential function

The potential function used here is a sum of the contribu-
tions of two- and three-body interactions. The pair potential
part is composed of Coulomb, steric repulsion, charge-
dipole, and dipole—dipole interactions. The three-body
interactions consider bond bend and bond stretching
effects.

The total energy interatomic potential is expressed by
relation (1)

o= o (ry) + > @;3() (rij> rix) (1)

i<j ij<k
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and
o4 (ry rac) = R (g, rae) - PO (O) (3)
G (r rn) — B i
R (rj, rix) = Bjix exp (”zj - + — Vo)
X O(rg — 1) O(ro — rix) (4)
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The two-body term of the potential is truncated at r,, and
shifted for r < r.y in order to have the value and its first
derivative continuous at the cutoff distance [19, 20]. The
shifted pair potential is given by

(2 =

u

(25hifted)(r) _ { 9",»(,»2>(r) _ 40,5.2)(rcm) _
0

. Ae
J= m (6)

The temperature gradient, in stationary regime, is linear

between reservoirs, and its slope VT can be easily

calculated. The thermal conductivity coefficient is then

obtained by using the Fourier law, given by relation (7).
J

K=T7 (7)

When periodic boundary conditions are imposed along the
heat current direction, the heat can travel in two directions,
as can be seen in Fig. 1, and for that reason the energy
increment is divided by 2 in relation (6).

In this kind of calculation there is a strong finite size
effect over the thermal conductivity coefficient, which is

(r — rew) (dgosz) (r)/dr) - r < Feut

r > Feut

where r = r;j = }7”,- — 7"]| represents the distance between
atoms i and j, located at the positions 7; and 7;, respectively,
and 4 and ¢ are the screening lengths for Coulomb and
charge-dipole terms, 0, the angle formed by 7; and 7y,
and Cj and @j[k are constants, and @(ry —r;) is a step
function.

These interatomic potential, which was developed by
Nakano et al. [21], is very transferable. The parameteri-
zation of the interatomic potential for InSb was done by
Costa et al. [22, 23] and recently improved by Rino et al.
[24].

Methodology
NEMD and Fourier law

To obtain the thermal conductivity coefficient in the
NEMD simulations a temperature gradient is imposed on
the system by hot and cold reservoirs, where the temper-
atures are forced to be constant and different from each
other. Hot and cold reservoirs are separated by a distance
L. The temperatures of the reservoirs are maintained con-
stant by periodically rescaling particle velocities inside
them. The temperature rescaling in the hot reservoir cor-
responds to an energy addition to the system, and in the
cold reservoir an energy subtraction. In the stationary
regime the average added energy must be equal to the
subtracted one [25-27], and as a response emerges a heat
current j through the system, given by relation (6), where Jt
is the time interval between two rescaling events, and A is
the system cross-sectional area.

@ Springer

produced by the interactions between heat source and sink
interfaces [28]. These interactions diminish as the distance
L, between reservoirs, is increased, and vanish only in the
case of an infinite system. As an infinite system is impos-
sible inside a computational simulation, it is necessary to
make an infinite extrapolation by calculating the thermal
conductivity coefficient for systems with different sizes.
It is shown in ref. [28] that the inverse of thermal con-
ductivity coefficient is a linear function of the inverse of L,
so that the coefficient of thermal conductivity can be
obtained by plotting 1/k as a function of 1/L and fitting the
points by a linear function whose linear coefficient is an
approach to the inverse of the coefficient for an infinite
system.

The systems under investigation

The systems simulated here were the bulk one and two
nanowires with different square cross section of side H.
Each one of these systems was constructed in five different
lengths, measured in unit cells unities. The shortest system
used was 50 unit cells long, followed by those of 80, 200,

As As

Fig. 1 System scheme for non-equilibrium calculation of thermal
conductivity coefficient. 7. and T}, are, respectively, the temperatures
of the cold and hot reservoirs
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400, and 640 unit cells, respectively. The two values of H
used were 5 and 4 unit cells, respectively (values which
correspond to 3.2365 and 2.5892 nm). The bulk system
was constructed with the same dimensions of the 5 unit
cells diameter nanowire, differing from it by the existence
of periodic boundary conditions in all directions, while the
nanowires had it only along L direction, leaving free sur-
faces in the other two directions. In all of the systems the
temperatures of the reservoirs were fixated at 350 and
250 K for the hot and cold ones, respectively, which
resulted in a mean temperature of 300 K for the whole
system. The zinc-blende nanowires InSb structures have
the x-direction along [100] with surfaces along (001) and
(010).

Simulations and results

The simulations started always with the equilibration of the
bulk system, where an arbitrary number of molecular
dynamics time steps were performed, in the micro-canon-
ical (NVE) ensemble, to guarantee that the system is in
equilibrium at a mean temperature of 300 K. After this
procedure the nanowires were constructed by the addition
of vacuum in the directions perpendicular to the system
length, creating the surfaces. The nanowires were ther-
malized, in the canonical (NVT) ensemble at 300 K, with a
number of MD steps enough to stabilize its structure. We
observed that the surfaces rearrange but the whole nano-
wires keeps this form and is stable. Figure 2 depicted the

Fig. 2 (Color online) Nanowire (a)
in detail, showing that the
surfaces are stable after the
thermalization of the system.
a (100) view, b (111) view,
and ¢ (101) view

stabilized nanowire at 300 K after the system being ther-
malized by 10,000 time steps. Once the structure became
stable, the simulations returned to be made in NVE
ensemble, the reservoirs were turned on and their temper-
ature started to be corrected at every 1,000 simulation
steps. After some temperature corrections, when the system
reached the stationary regime, the temperature gradient
became linear. At this point a long run of 10° time steps
was performed, resulting in 10° temperature corrections in
reservoirs. After that, the simulation was stopped and the
average values of the energy increments were calculated.
Figure 3 displays the temperature gradient between reser-
voirs in the stationary regime.
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Fig. 3 System temperature in stationary regime as a function of the
position. As expected, the temperature is a linear function of the
position
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In Fig. 4 the absolute average value of the energy
increments in reservoirs shows that the energy added in the
system is equal to that subtracted when the system is in the
stationary regime.

In Fig. 5 the inverse of thermal conductivity coefficients
against the inverse of the system length shows that as the
system diameter decreases, the thermal conductivity coef-
ficients also decrease. The bulk system, represented by
the red line with circles (color online), resulted in a ther-
mal conductivity coefficient of 16 +2 Wm™' K™™' (in
very good agreement with the experimental value of
15 Wm~' K~' [29, 30]) while the nanowire with a 5-unit
cells side square cross section, represented by the blue line
with triangles, resulted in a 0.54 + 0.01 Wm~! K™!
coefficient, almost two orders of magnitude smaller than
the bulk, which is in accordance with previous simulations
for other materials [9, 31]. The thermal coefficient from the
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Fig. 4 (Color online) Energy added and subtracted for each reservoir
as a function of the rescaled velocity. The average value of the energy
increments in reservoirs converge to the same value in stationary
regime
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Fig. 5 (Color online) Inverse of thermal conductivity coefficient as a
function of the inverse of the system length for bulk (red line with
circles), and for nanowires with square cross-sectional widths of
5 unit cells (blue line with triangles) and 4 unit cells side (black line
with squares)
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4-unit cells wide nanowire is even smaller, about 0.50 +
0.01 Wm™! Kﬁl, showing that the decrease in system
diameter, with the correspondent increase in surface per
volume ratio, increases the intensity of phonon scattering
and consequently diminishes the heat transfer.

Conclusions

We have presented a molecular dynamical study of thermal
conductivity on InSb, bulk, and nanowires. As the heat
transport is almost totally made by phonons in InSb at
room temperature, any phenomenon which alters the pho-
non dynamics into the system can significantly change the
heat conduction. For nanowires, the creation of free sur-
faces in the system also generated certain roughness which
scattered the phonons in a way that the phonon—phonon
interactions were dramatically affected. In this scenario the
expected result was a significant decrease in heat transfer,
reflected by a drastically lower thermal conductivity
coefficient. This is exactly what was obtained by the sim-
ulations reported in this article. The results show that for
the InSb, the thermal conductivity of the nanowire of 5-unit
cells side square cross section is almost two orders of
magnitude smaller than the bulk result (0.54 £ 0.01
against 16 £2 Wm~' K~' obtained for bulk). For a
nanowire even thinner, of 4-unit cells side square cross
section, where the surface is even more significant in the
system, the obtained thermal conductivity coefficient, as
expected, was also even smaller (0.50 + 0.01 Wm™! K™!
in comparison with 0.54 & 0.01 Wm™' K™"). For bulk
system the thermal conductivity coefficient agrees very
well with experimental reported values. In conclusion, the
proposed interatomic potential is very robust and can
describe with confidence the properties of the indium
antimonite material.
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