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Thermal stability of silicon nanowires:
atomistic simulation study∗
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Using the Stillinger–Weber (SW) potential model, we investigate the thermal stability of pristine silicon nanowires

based on classical molecular dynamics (MD) simulations. We explore the structural evolutions and the Lindemann in-

dices of silicon nanowires at different temperatures in order to unveil atomic-level melting behaviour of silicon nanowires.

The simulation results show that silicon nanowires with surface reconstructions have higher thermal stability than those

without surface reconstructions, and that silicon nanowires with perpendicular dimmer rows on the two (100) surfaces

have somewhat higher thermal stability than nanowires with parallel dimmer rows on the two (100) surfaces. Further-

more, the melting temperature of silicon nanowires increases as their diameter increases and reaches a saturation value

close to the melting temperature of bulk silicon. The value of the Lindemann index for melting silicon nanowires is

0.037.
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1. Introduction

Compared with bulk materials, low-dimensional
nanoscale materials with large surface areas and
possible quantum confinement effects, exhibit dis-
tinct properties. Semiconductor nanowires are promis-
ing nanomaterials for novel electronic,[1] opto-
electronic,[2] and sensing[3] applications. The thermal
stability of nanowires is of critical importance for their
implementation as building blocks in nanoscale elec-
tronic and photonic devices. Silicon nanowires with
various morphologies were found to be able to form at
different temperatures, in addition, many other types
of Si nanostructures were also found to have signif-
icant yields.[4] These nanostructures are believed to
evolve from Si nanowires through spheroidization, a
process that involves material transport along indi-
vidual nanowires. It was also found[4] that annealing
temperatures played an important role in determin-
ing the relative ratios of these nanostructures in the
products. Therefore, it is possible to control the mor-
phology and crystallinity of Si nanostructres by sim-
ply varying the temperature. On the other hand, it is
well known that the surface structure of bulk silicon
is sensitive to the ambient temperature.[5]

In recent years, considerable attention has been

paid to the thermal stability of small cluster and 1D
nanostructures.[6] It has been well documented that
the melting point of a solid material is greatly reduced
when it becomes of nanostructure.[7] It is reasonable to
assume that the melting behaviour of semiconductor
nanowires evolves gradually from a nanoscale mate-
rial behaviour towards a bulk material behaviour as
their diameter increases. However, it is very difficult
to confirm this assumption experimentally. Molecu-
lar dynamics (MD) simulations can give a valuable
insight into the physical essence of nanowires when
the dependence of their thermodynamic behaviour on
their diameter size is attempted to be clarified. A
review of the available literature reveals that the ma-
jority of published theoretical and experimental stud-
ies concentrate primarily on the melting phenomena
of nanoscale clusters and other 1D nanostructures.[6]

In contrast, the thermal stability of semiconductor
nanowires has received relatively little attention. It
is necessary to develop a quantitative understanding
of their thermodynamic properties, since semiconduc-
tor nanowires have a number of important potential
applications in nanoscale electronic devices.[1−3] An
understanding of the thermal stability of semicondu-
tor nanowires is essential for many important applica-
tions.
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In order to quantitatively investigate the melting
temperature of silicon nanowires, we used empirical
rules. Empirical rules, such as the Lindemann crite-
rion, have long been used to characterize the melt-
ing transitions of solids and have been found to be
very useful for identifying the onset of melting.[8−13]

However, it is unknown whether the Lindemann cri-
terion holds for semiconductor nanowires. In the
present paper, we employ pristine silicon nanowires
to investigate the melting behaviour of semiconductor
nanowires and obtain the Lindemann index for melt-
ing transitions. We investigate the atomic-level melt-
ing behaviours of silicon nanowires by observing the
morphological change of silicon nanowires at differ-
ent temperatures. Meanwhile, we examine the critical
Lindemann parameter δ which is used for determin-
ing whether silicon nanowires are melting. The rest
of the present paper is organized as follows. In Sec-
tion 2, the Stillinger-Weber (SW) potential model[4] is
described. The results and a brief discussion are pre-
sented in Section 3. Finally, some conclusions drawn
from the present study are given in Section 4.

2. Method

The interaction potential employed for the
present study has an SW form,[14] which is one of the
most suitable potentials for teterahedral semiconduc-
tors such as bulk materials. The potential was used
to reproduce bulk structures, but it has been also
successfully applied to nanowires and clusters.[14,15]

These calculations have demonstrated that the em-
pirical SW potential for silicon nanostructures can be
employed to study the thermal properties of homoge-
neous materials of silicon. In addition, the potential
can handle dangling bonds, wrong bonds, and excess
bonds in bulk silicon very well. Therefore, this poten-
tial should be reliable to study the thermal stability
of silicon nanowires.

In our molecular dynamics simulation, the many-
body SW potential is used to describe the Si–Si in-
teraction and the cut-off distance is chosen to be
1nm. Periodic boundary conditions are applied only
along the axial direction of a silicon nanowire. Suf-
ficient vacuum space is provided in non-axial direc-
tions to model the one-dimensional system. Tem-
perature is controlled by the velocity scaling method
and an NTV (constant-particle number/constant-
temperature/constant-volume dynamics) ensemble is

employed for the simulation environment. In all the
simulations, a time step of 2 fs is used. Successive
equilibrium calculations are carried out by increasing
the temperature in steps of of 100 K. For each temper-
ature step, the cell maintains equilibrium for 200 ps.

We use the distance-fluctuation Lindemann in-
dex to identify the melting temperature of silicon
nanowires. For a system of N atoms, the local Linde-
mann index for the ith atom in the system is defined
as[15,16]

δi =
1

N − 1

∑

j( 6=i)

√〈
r2
ij

〉− 〈rij〉2T
〈rij〉T

and the system-averaged Lindemann index is given by

δ =
1
N

∑

i

δi,

where rij is the distance between the ith and jth
atoms and 〈. . .〉T denotes the thermal average at tem-
perature T . The Lindemann index is small and in-
creases slowly and linearly with temperature increas-
ing before melting due to the stable constraint of the
atomic potentials and the linear increase in kinetic
energy. On the melting side, however, the index is
expected to be sensitive to temperature change and
deviate from linear behaviour.

3. Results and discussion

Figure 1 shows three silicon nanowires with dif-
ferent surface structures, which are cited from our
previous studies.[17] The three silicon nanowires are
oriented along the [110] direction and bounded by the

Fig.1. (a) NW1, (b) NW2 and (c) NW3 Si nanowires with

different (100) surface structures along the [110] direction

bounded by (100) surfaces and (110) surfaces.
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(100) and (110) surfaces in lateral directions. The
silicon nanowires have different (100) surface struc-
tures, namely, nanowires without reconstructions in
Fig.1(a) for NW1 and nanowires with surface dimmer
reconstructions in Figs.1(b) and 2(c). The dimmer
rows on the two (100) surfaces are parallel to each
other, in Fig.1(b) for NW2 and are perpendicular to
each other in Fig.1(c) for NW3. Figure 2 shows the
images of atom positions projected onto the plane of

Fig.2. Structural evolutions of (a) NW1, (b) NW2 and

(c) NW3 Si nanowires with temperature.

the nanowires (parallel to the axis of the nanowires)
for NW1, NW2, and NW3 in Figs.2(a), 2(b) and 2(c)
respectively. We discuss the structural evolution of
silicon nanowires during the melting process. Figure
2 shows that the morphologies of silicon nanowires
undergo significant changes around the melting point,
indicating that the melting point of silicon nanowires
is between 900 and 1300 K. It is clear that the disorder
increases with the increase in temperature. This pro-
vides direct evidence of melting the silicon nanowires.
Above 1300 K, the silicon nanowires collapse into
liquid-like droplets. It is interesting to note that the
atoms diffuse along the wire axis direction as a rise in
temperature occurs.

To precisely locate the melting temperature, we
calculate the Lindemann indexes at different tempera-
tures. Figure 3 shows the temperature dependences of
the Lindemann index of silicon nanowires and several
atomic plots at different temperatures illustrating the
melting process. The Lindemann index is small and
increases slowly and linearly with the increase of tem-
perature before melting due to the stable constraint
of the atomic potentials and the linear increase in
kinetic energy. However, the index is expected to be
sensitive to the temperature change and deviate from
the linear behaviour. Therefore, silicon nanowires
are melted when the Lindemann index deviates from
the linear behaviour. The temperature dependences of
Lindemann index δ in Fig.3 show that δ exhibites very
different behaviours around 900, 1100 and 1200 K. It
is evident that the melting points of the three types
of silicon nanowires are 900, 1100 and 1200 K, respec-
tively. They turn into liquid-like droplets at 1300,
1400 and 1500 K, respectively. It is also clear that
the melting process can be divided into three stages

Fig.3. Temperature dependences of the Lindemann index

for NW1, NW2 and NW3 Si nanowires.
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in Fig.3. Below melting point, the Lindemann index
δ increases slowly and linearly with the increase of
temperature, showing a typical behaviour of atomic
thermal vibration around the original position. The
Lindemann index starts to deviate from the linear be-
haviour and sharply increases around the melting tem-
perature. The melting points of the three types of sil-
icon nanowires are different from each other by about
100–200 K, which is important to homogeneous mate-
rials of silicon.

We also investigate the effect of size on the melt-
ing of silicon nanowires with [100] axial direction and
[100]-oriented facets. Initial structures with different
diameters are directly cut from bulk silicon. We name
these nanowires Si3, Si4, Si5, Si6, Si7, Si8, and Si9
with diameters ranging from 0.859 to 2.715 nm. Fig-
ure 4 shows the temperature dependences of the Lin-
demann index of these silicon nanowires. It is evident
that the melting points of these silicon nanowires are
400, 800, 900, 1100, 1200, 1300 and 1500 K, respec-
tively. Corresponding to the melting temperatures of
silicon nanowires, the Lindemann indices are 0.0345,
0.0344, 0.0362, 0.0371, 0.0388, 0.0350 and 0.0421 with
an average value of 0.037.

Fig.4. Temperature dependences of the Lindemann in-

dex for un-optimized Si nanowires along the [100] direction

bounded by (100) surfaces, with diameters of Si3, Si4, Si5,

Si6, Si7, Si8, and Si9 nanowires being 0.859, 1.086, 1.385,

1.629, 1.920, 2.172, and 2.715nm, respectively.

Our computation results are comparable with re-
cent measurements. Temperature was found to be
the critical factor for controlling both the diame-
ter of silicon nanowires and the formation of var-
ious kinds of silicon nanowire-related morphologies,
and silicon nanowires were found to grow in a tem-
perature range from 1150 to 1500 K, whose diame-
ter decreased remarkably with the growth tempera-
ture decrease. The experimental results indicated that

the melting temperature of the silicon nanowires was
lower than that of bulk silicon (1683 K) and decreased
with the diameter of the nanowires decreasing. It is
very difficult to confirm our computation results in
experiment directly for different diameters of silicon
nanowires, since what we simulate here is pristine sil-
icon nanowires. For silicon nanowires with different
surface structures, it is more difficult to distinguish
discrepancies among their melting points experimen-
tally. We predicted theoretically the melting point of
pristine silicon nanowires which is in agreement with
the relevant measured value.[4]

The remarkable reduction in melting temperature
of silicon nanowires has several important implica-
tions. First, the annealing temperature necessary for
the synthesis of defect-free nanowires might only be a
small fraction of the annealing temperature required
for the bulk material. It is thus possible to perform
zone-refining to purify nanowires at a modest tem-
perature. Second, a reduction in melting point en-
ables one to cut, interconnect, and weld nanowires at
a relatively mild temperature. This capability may
provide a new tool to integrate these 1D nanostruc-
tures into functional devices and circuitry. Third, as
the thickness of nanowires is reduced to a smaller and
smaller length scale, their stabilities may be extremely
sensitive to the change in ambient condition, such as
temperature fluctuation and residual stress variation.
Driven by Rayleigh instability, nanowires may spon-
taneously undergo a spheroidization process to break
up into shorter segments at room temperature to re-
duce the relatively high free energy associated with a
1D system, when their diameter is sufficiently small or
their bonding between constituent atoms is too weak.

4. Conclusions

Using molecular dynamics simulation and the
Lindemann index for melting, we study the melting
behaviour of silicon nanowires. We investigate the
morphological changes of silicon nanowires at different
temperatures and adopt the Lindemann index to accu-
rately confirm the melting temperature of the silicon
nanowires. From the morphological change of silicon
nanowires, we can clearly learn the melting behaviour
of the silicon nanowires. We also find that the critical
Lindemann parameter in a range of 0.1–0.15, which is
widely used for determing the melting temperatures
of bulk solids, is not applicable to silicon nanowires.
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The melting of silicon nanowires occurs when the Lin-
demann index δ is in a range of 0.03–0.05 with an aver-
age value of 0.037. Silicon nanowires with surface re-
constructions have higher thermal stability than those
without reconstructions. Silicon nanowires with per-
pendicular dimmer rows on their two (100) surfaces
have higher thermal stability than the nanowires with
parallel dimmer rows on their two (100) surfaces. Our

results show that the melting temperatures of silicon
nanowires with small diameters are much lower than
that of bulk silicon. The melting temperature of sili-
con nanowires increases with the increase of the diam-
eter of the nanowires and eventually reaches a value
corresponding to the melting temperature of bulk sil-
icon, 1683 K.
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