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Abstract
Monte Carlo simulations are performed to solve

the phonon Boltzmann transport equation in sil-
icon nanowires, and the thermal conductivity is
analyzed. By taking account of the realistic phonon
dispersion relation, it is revealed that the ex-
perimental characteristics are well reproduced by
simply assuming the completely diffusive scatter-
ing at the wire surface without introducing any
fitting parameters regarding specularity.

1. Introduction
Correct understanding of the thermal properties in

silicon nanowires (SiNWs) is very important for engineer-
ing applications such as ultrasclaed silicon MOSFETs [1],
biological and chemical sensors [2], and thermoelectric
devices [3]. In comparison with the bulk value, the heat
conduction property in SiNWs is known to become signif-
icantly worse because of the frequent phonon scatterings
at the wire surface. The impact of the phonon bound-
ary scattering on the thermal conductivity κ is strongly
correlated to the phonon mean free path, which depends
not only on the relaxation time, but also on the phonon
group velocity, i.e., the phonon dispersion relation.

In this work, the thermal conduction in SiNWs is an-
alyzed by using a Monte Carlo (MC) method for solv-
ing the phonon Boltzmann transport equation taking
account of the realistic dispersion relation of acoustic
phonons in bulk Si. We then discuss the validity or limi-
tations of the conventional approach considering the ap-
proximated dispersion curves.
2. Simulation Method

Figure 1 shows a realistic dispersion relation of phonons
in bulk Si calculated from the adiabatic bond charge
model [4]. In many of the previous works, approximated
dispersion curves were employed; e.g., as shown in Fig.
1, the dispersion relation was expressed by the curves
fitted only to [100] (Γ-X) direction [5]. In this study,
we compare the [100] model to the more accurate ap-
proach, in which the phonon density of states (DOS)
and the group velocity averaged over constant-energy
surfaces were numerically calculated from the realistic
dispersion relation and implemented as look-up tables in
the phonon MC simulator [6]. Figure 2 shows the specific
heat per volume and phonon averaged group velocity as
a function of temperature. Note that the [100] model
exhibits lower specific heat and higher velocity, which
is mainly due to inaccurate modeling of the transverse
acoustic (TA) branch around W, U, and K points. In
MC simulation, as shown in Fig. 3, the random walks
of phonons were tracked considering the phonon-phonon
and phonon-defect collisions, whose rates were carefully

calibrated to reproduce the experimental data of κ for
bulk Si [6]. Furthermore, we assumed phonon boundary
scattering at the wire surface as a completely diffusive
scattering process which obeys Lambert’s law [7].
3. Results and Discussion

Figures 4 and 5 shows κ in SiNWs simulated with
the approximated and realistic dispersion curves, respec-
tively. Compared to the experimental data, the simula-
tion with [100] model underestimates κ in thick diameter
(d = 37–115 nm) SiNWs, and the partially specular re-
flection mechanism had to be introduced for the bound-
ary scattering to obtain the agreement [5]. On the other
hand, this work revealed that the experimental κ are well
reproduced by simply assuming the completely diffusive
boundary scattering, which is consistent with the recent
theoretical prediction [8].

Figure 6 compares the distribution of the phonon
mean free path between the successive collisions obtained
with the MC simulation in bulk Si. Note that the ap-
proximated model generates the phonons with longer free
paths, which is mainly due to the higher group velocity
observed in Fig. 2 (b). This results in more sensitive re-
duction of κ when additional collisions are introduced at
the boundary. In the case of thinnest SiNW of d = 22
nm, however, this work’s approach significantly overes-
timates κ. Although the phonon confinement effect may
modulate the dispersion relation, its effect has been sug-
gested to be weak in SiNWs with d ∼ 20 nm [9]. We may
have to consider the additional mechanisms, such as the
strain at the Si/SiO2 interface [10], and further investiga-
tions are required to understand the thermal conduction
in the thinner NWs.
4. Conclusions

We have analyzed the thermal conduction in SiNWs
using a MC method. By taking account of the real-
istic phonon dispersion relation and completely diffu-
sive boundary scattering, good agreements have been ob-
tained with the experimental data of κ in SiNWs with
d = 37–115 nm.
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Fig. 1 Phonon dispersion relationship for bulk Si obtained
with the adiabatic bond charge model [4]. Only acoustic
phonons (TA1, TA2, and LA) were considered in this work
(open dots), and the contribution of optical modes (thick
curves) to the thermal transport was assumed to be negli-
gible due to their small group velocities. Dashed lines are
the approximated curves fitted to [100] direction used in
the previous work [5].

Fig. 2 Specific heat capacity per volume for bulk Si
(a) and the average group velocity (b) plotted as a
function of temperature. The results calculated with
the various dispersion models are compared.

Fig. 3 Schematic illustration of the MC method for sim-
ulating the thermal conduction in SiNWs. Phonons were
modeled as particles, and their random walks were tracked.
By calculating the diffusion length along the longitudi-
nal direction, thermal diffusivities were obtained. In this
study, completely diffusive boundary scattering was as-
sumed and the scattering angle θ, ϕ is randomly selected
using the Lambert’s cosine law [7].

Fig. 4 Comparison of the simulated (solid lines) and
experimental (dased lines) thermal conductivities of
SiNWs with various diameters plotted as a function
of temperature. In MC simulator, the approximated
dispersion model was included.

Fig. 5 Comparison of the simulated (solid lines) and ex-
perimental (dased lines) thermal conductivities of SiNWs
with various diameters plotted as a function of tempera-
ture. In MC simulator, the realistic dispersion model was
included.

Fig. 6 Distribution of the phonon mean free path
obtained with the MC simulation in bulk Si at 300
K.
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