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We investigate the size effects on the structures and thermal conductivity of silicon
nanoclusters (SiNCs) using molecular dynamics simulations. We demonstrate that as
the diameter of the SiNCs increases from 1.80 nm to 3.46 nm, the cluster structure
changes from an amorphous state to a crystalline state at 300 K, which is in good
agreement with the experimental findings. Our calculated thermal conductivity of the
SiNCs shows a size-dependent effect due to the remarkable phonon-boundary scatter-
ing and can be about three orders of magnitude lower than that of bulk Si. C© 2013 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4818591]

I. INTRODUCTION

Nanoclusters/nanoparticles have attracted increasing attention in innovative technology due to
their unique properties, which are different from those of bulk materials. Silicon nanoclusters (SiNCs)
have shown excellent promise as a candidate for applications in optoelectronic devices, biological
labeling, and solar energy conversion.1–4 When their size approaches the nanometer scale, their
properties can be considerably altered due to the size and quantum confinement effects which play an
important role in determining the materials’ electronic and optical properties. Recent experimental
and theoretical studies have found that as the SiNCs size is reduced to several nanometers, the
photoluminescence spectrum shifts from the red to the green wavelengths. This indicates that the
poor optical characteristics of Si, which result from indirect band structure, can be improved by
reducing the particle size to single-nanometer scales.5

On the other hand, due to their size effect, SiNCs also offer unique structural and thermal
properties which are important for future applications in energy conversion. The structure of SiNCs
can change gradually from a bulk diamond structure to a non-diamond structure with a decrease in
the cluster size, allowing accurate structural transition size determination.6 In addition, when the
cluster size approaches the nanoscale, a significant reduction in thermal conductivity can be induced
from the strong phonon-boundary scattering effects. Indeed, recent studies7–9 have shown that Si
nanostructures, including SiNCs, can be promising materials for thermoelectric (TE) applications
because of their reduced thermal conductivity. Knowledge of the structure and thermal transport
properties of SiNCs is essential for optimizing the operation of their nanodevices. However, compared
with the studies conducted on their electronic and optical properties, the study of the thermal
conductivity of semiconductor nanoclusters/nanoparticles requires much more effort.10, 11

Accurate experimental and theoretical simulation methods are needed to conduct intensive
studies to understand and utilize these size-dependent properties. Experimental measurements of
the thermal conductivity of nanoclusters remain technically difficult because of the small sizes
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and short timescales involved. By contrast, theoretical simulations are significantly more feasible.
Of these simulations, molecular dynamics (MD) has been the most popular approach in the past
few years.12 In this work, we study the structural and phonon thermal transport properties of SiNCs
using Tersoff potential based MD simulations. First, we use the MD simulated annealing approach to
investigate the size-induced structural transition in SiNCs. Then, the phonon thermal conductivities
of SiNCs with different diameters are calculated using equilibrium MD simulations combined with
the Green-Kubo expression.

II. COMPUTATIONAL METHODS

The initial structures of SiNCs used in this work were spherical fragments of a bulk silicon
diamond lattice ranging in size from 99 atoms to 838 atoms. The initial clusters were relaxed at
1600 K for 200 ps so as to fully reconstruct the surface-dangling bond and then annealed to the
required temperatures at a cooling ratio of 0.5 K/ps. The annealed clusters at the required temperature
were used as the input structures for the MD simulation of the structural characteristics and the
thermal conductivity. Energetics and structural information were obtained from the 250 ps constant-
temperature simulations. The diameter (d) of the annealed spherical SiNCs can be estimated from
the Guinier equation.13

For the thermal conductivity simulation, a 3.0 ns simulation at a constant energy condition was
performed, and the Green-Kubo formula was then used to calculate the thermal conductivity:14

κ = 1

3V kB T 2

∫ ∞

0

〈
⇀

J (0) · ⇀

J (t)
〉
dt, (1)

where kB is the Boltzmann constant, 〈⇀

J (0) · ⇀

J (t)〉 is the heat current autocorrelation function

(HCACF), and
⇀

J (t) is the heat current vector given by

⇀

J (t) = d

dt

∑
i

(
⇀

r i Ei ), (2)

where
⇀

r i ,
⇀

vi , and Ei are the time-dependent atomic position vector, the velocity vector, and the
microscopic total energy of atom i , respectively.

In MD simulations, interaction between atoms was described by a bond-order Tersoff potential,
given by15

Vi j = fC (ri j )[ fR(ri j ) + Bi j f A(ri j )], (3)

where fC is a smooth cut-off function, fR and f A are repulsive and attractive pair potential terms,
and the bond-order term Bi j is a function of the number of neighboring atoms as well as bond angles
and lengths. The time step was 1.0 fs, and the velocity Verlet scheme was used in the simulation.

III. RESULTS AND DISCUSSION

In general, the radial distribution function (RDF) can be used to describe the structural char-
acteristics of amorphous and crystalline solids. Fig. 1 shows the RDF curves for the annealed Si
clusters with different sizes at 300 K in comparison to those of the bulk Si. The RDF curves for
Si99 and Si172 exhibit an amorphous characteristic, with the second main peak located at 0.386 nm
largely broadened and the peaks at longer distances (r > 0.40 nm) disappearing. The amorphous
structures are also clearly shown in Fig. 2(a) and 2(b). For Si191 and Si275, the two clusters both
show that the first six main peaks are similar to those of the bulk case, whereas the peak number and
peak values decrease at longer distances (r > 0.70 nm). In addition, for Si275, a small but new peak
appears between the first and second main peaks at around r = 0.35 nm. This result indicates that the
structures of midsized Si nanoclusters are different from those of the pure diamond-like state and
the pure amorphous state. The snapshots of the clusters (Fig. 2(c) and 2(d)) show that the structures
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FIG. 1. RDF curves for SiNCs at 300 K, together with the bulk Si case. Here N denotes the corresponding number of atoms.

FIG. 2. Geometries of the annealed SiNCs considered in Fig. 1.

of Si191 and Si275 display a crystalline core with an amorphous shell. This configuration is attributed
to the minimal number of dangling bonds resulting from the reconstruction of the free surface. The
atoms on the surface tend to smoothen the surface, and the step edges are considerably reduced.
The diamond lattice is retained in the interior of the particle. For Si353, Si465, and Si705, the clusters
with diameters over 2.60 nm have crystal-like structures, as confirmed by both the RDF curves (see
Fig. 1) and the snapshots of the geometries (see Fig. 2(e) and 2(f)).

As a result, when the cluster diameters increase from 1.80 nm to 3.28 nm, the structures of the
clusters change from an amorphous state to a crystalline core/amorphous shell state and then to a
crystalline state. The smallest crystalline Si particle size is approximately 2.40 nm to 2.60 nm, which
is in good agreement with the experimental and theoretical results. Mélinon et al.16 found that the
critical size is above 2.00 nm (∼200 atoms) based on the transmission electron microscopy image.
However, Hofmeister et al.17 found that the smallest crystalline region in the annealed amorphous
Si powders is 2.50 nm. Later, a photoluminescence (PL) study of Si nanocrystals revealed that the
smallest nanocrystal in which PL follows the quantum confinement model is approximately 2.80 nm
in diameter.18 Yu et al.6 theoretically calculated the cohesive energy of Si nanoclusters with different
sizes after tight-binding MD annealing and predicted that the transition to the diamond structure is
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FIG. 3. The cohesive energy (Ecoh) as a function of the number of atoms (N) for annealed clusters at 300 K.

estimated to occur in the 2.30 nm to 2.70 nm diameter range via extrapolation of the cohesive energy
curve.

The cohesive energies of the annealed SiNCs with different sizes were also calculated us-
ing the Tersoff potential, and the results are shown in Fig. 3. When the atom number N (diameter
d) of the clusters increases from 99 (d = 1.80 nm) to 838 (d = 3.46 nm), the cohesive energy (i.e., abso-
lute value of the potential energy) increases significantly when N < 275 (d < 2.42 nm); afterward, the
value slowly increases and then approaches saturation at approximately 4.20 eV/atom when N > 597
atoms (d > 3.09 nm). The experimental cohesive energy of bulk Si is approximately 4.535 eV/atom
at 300 K.19

Fig. 4 shows the time dependence (0 ps to 300 ps) of the normalized heat current
autocorrelation functions (NHCACF) at 300 K for the bulk crystalline Si and the Si465

cluster, respectively. For the bulk Si, the NHCACF decays very rapidly in the beginning
(∼0.20 ps), followed by a much slower decay. However, the NHCACF curve for the nanoclus-
ter decays to zero at 0.50 ps. The rapid decay corresponds to the reduction in contribution of
short-wavelength phonons to the thermal conductivity, whereas the slower decay corresponds to the
reduction in contribution from long-wavelength phonons, which is the predominant contribution to
thermal conductivity.20, 21

The calculated room temperature thermal conductivities of SiNCs with different di-
ameters are shown in Fig. 5. Each result reported is averaged over five simulations
with different initial conditions to minimize the fluctuation. The error bars of the aver-
aged thermal conductivities are all less than 2%. The calculated thermal conductivities of
the Si nanoclusters considered are three orders of magnitude lower than the conductivity of the
bulk (∼150 W/mK) at 300 K. In addition, a linear relationship is observed between the parti-
cle diameter and the thermal conductivity for the particle considered. A similar result was also
found by a Stillinger-Weber potential study.22 The phonon thermal conductivity of a solid ma-
terial can be interpreted by using the phonon mean free path originating from the kinetic the-
ory of gases and is given by κ = 1/3Cv�,23 where C is the average specific heat capacity,ν
is the average velocity, and � is the mean free path of the phonons. Obviously, the κ strongly
depends on �. In bulk Si, � is ∼260 nm at room temperature,21 and such a long phonon mean free
path results in the high thermal conductivity. However, in nanoclusters with diameters of several
nanometers, the strong effect of phonon-boundary scattering remarkably reduces � so that � < d. In
this case, thermal conductivity becomes ballistic and shows a significant size-dependent effect. In our
study, the cluster diameter is smaller than 4.0 nm; thus, � in such small clusters can be approximated
using d, yielding κ ∝ d. Therefore, the significant size dependence of the thermal conductivity in parti-
cles with a diameter of several nanometers is mainly due to the reduction in �, which is induced by the
phonon-boundary scattering.
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FIG. 4. Typical curves for NHCACF of (a) bulk Si and (b) Si465 at 300 K, respectively. The insets show the corresponding
NHCACF curves at the small timescale.

FIG. 5. Size dependence of the thermal conductivity of SiNCs at 300 K.
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IV. CONCLUSIONS

In summary, the structural transition and thermal conductivity of Si nanoclusters at room
temperature have been studied using a MD method. When the cluster diameters increase from
1.80 nm to 3.46 nm, the cluster structures change from an amorphous state to a crystalline state
and the possible critical size is approximately 2.40–2.60 nm, which is in good agreement with the
experimental results. The calculated thermal conductivity of the Si nanocluster is about two to three
orders of magnitude lower than that of bulk Si because of the phonon-boundary scattering effect.
Our results also show that the thermal conductivity of nanoscale Si particles is size dependent. This
study provides knowledge that may be useful in the design and optimization of a high-performance
Si nanoparticle-based TE device.
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Phys. 107, 10278 (1997).
17 H. Hofmeister, J. Dutta, and H. Hofmann, Phys. Rev. B 54, 2856 (1996).
18 G. Ledoux, O. Guillois, D. Porterat, C. Reynaud, F. Huisken, B. Kohn, and V. Paillard, Phys. Rev. B 62, 15942 (2000).
19 L. J. Porter, S. Yip, M. Yamaguchi, H. Kaburaki, and M. Tang, J. Appl. Phys. 81, 96 (1997).
20 J. Chen, G. Zhang, and B. Li, Phys. Lett. A 374, 2392 (2010).
21 H. P. Li, A. De Sarkar, and R. Q. Zhang, EPL 96, 56007 (2011).
22 K. C. Fang, C. I. Weng, and S. P. Ju, Nanotechnol. 17, 3909 (2006).
23 B. Y. Cao and Z. Y. Guo, J. Appl. Phys. 102, 053503 (2007).

http://dx.doi.org/10.1016/j.optcom.2007.07.070
http://dx.doi.org/10.1021/jp065704v
http://dx.doi.org/10.1063/1.3049134
http://dx.doi.org/10.1002/aoc.1602
http://dx.doi.org/10.1063/1.2182018
http://dx.doi.org/10.1103/PhysRevB.65.245417
http://dx.doi.org/10.1002/adma.200600527
http://dx.doi.org/10.1002/adma.200600527
http://dx.doi.org/10.1038/nature06381
http://dx.doi.org/10.1038/nature06458
http://dx.doi.org/10.1166/jnn.2001.013
http://dx.doi.org/10.1063/1.3590265
http://dx.doi.org/10.1103/PhysRevB.65.144306
http://dx.doi.org/10.1103/PhysRevB.72.134109
http://dx.doi.org/10.1088/0034-4885/29/1/306
http://dx.doi.org/10.1103/PhysRevB.39.5566
http://dx.doi.org/10.1063/1.474168
http://dx.doi.org/10.1063/1.474168
http://dx.doi.org/10.1103/PhysRevB.54.2856
http://dx.doi.org/10.1103/PhysRevB.62.15942
http://dx.doi.org/10.1063/1.364102
http://dx.doi.org/10.1016/j.physleta.2010.03.067
http://dx.doi.org/10.1209/0295-5075/96/56007
http://dx.doi.org/10.1088/0957-4484/17/15/049
http://dx.doi.org/10.1063/1.2775215

