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ABSTRACT
We investigate lattice thermal conductivities of Si nanowires (SiNWs) based
on classical nonequilibrium molecular dynamics (NEMD) simulations. The
SiNWs are supposed to have a crystalline diamond structure and extend
along the [001] axial direction with the {100} sidewall facets on which the
surface Si atoms are all dimerized and fully passivated by hydrogen. Various
sizes in the square cross section are considered, and the lengths are varied
to find the diffusive limits of the lattice thermal conductivities. The upper
limits of the diffusive lattice thermal conductivities of SiNWs are 11.2, 16.0,
22.8, and 28.0 W/mK for SiNWs with widths of 2.7, 4.9, 8.1, and 11.3 nm,
respectively. The mode-averaged mean free paths of phonons are 50, 52,
63, and 80 nm for the SiNWs, respectively, which are 7–19 times longer than
the SiNW widths.
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Introduction

Silicon (Si) is a base material in modern microelectronics. High-speed microprocessor units have
been developed with a huge number of transistors. As the number of transistors increases, a great
amount of heat is generated and it becomes a serious concern. One approach to overcoming this
issue is lowering the operation voltage, even though it reduces the operation currents and the clock
speed. If we can convert the waste heat to electricity, we can achieve high-speed as well as hig\h-
density microelectronics device technology. Therefore, thermoelectric energy conversion technology
based on Si electronics has been intensively studied [1, 2].

The figure of merit (ZT) of Si bulk crystal at room temperature is about 0.01 [3], which is too low
to be used in thermoelectric application. In order to increase the ZT of Si, reducing the thermal
conductivity of Si has been an important approach in Si-based thermoelectric technology. The
thermal conductivity of Si is about 150 W/mK, which is for single-crystalline bulk Si with a natural
abundance of isotopes [4–13]. Polycrystalline Si can have a thermal conductivity as low as 1.8–34.0
W/mK [14–18] and amorphous Si of about 4 W/mK [19–26]. Degrading the crystallinity, however, is
usually accompanied by a serious reduction in electrical conductivity. Nanostructuring has been an
alternative approach to reduce the thermal conductivity; Si nanowires (SiNWs) and anti-dot
embedded crystalline Si have been developed to have a thermal conductivity of 1.1–40.7 W/mK
[27–35]. Impurity doping or alloying is another way to reduce thermal conductivity [36–38].

Accurate evaluation of the thermal conductivity of a material is an essential prerequisite for
developing high-ZT thermoelectric materials. Especially for nanomaterials, experimental evaluation
of the thermal conductivity usually involves large uncertainties. Theoretical study of the thermal
conductivity of an ideal material can provide an intrinsic (upper) limit of the thermal conductivity
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and show the relationship between nanostructuring and thermal transport properties. There are
basically two ways to calculate lattice thermal conductivities, one of which is calculation of the
Boltzmann transport equation and the other is atomistic molecular dynamics (MD) simulation. The
Boltzmann transport equation approach assumes the phonon-surface scattering events in various
ways for nanostructure systems [32–34]. The MD approach has been limited to small sizes in both
length and width usually due to the computational costs in using SiNWs, which are far from the
experimental scale [28, 35, 40–42].

In this study, we investigate the lattice thermal conductivities of SiNWs through classical none-
quilibriummolecular dynamics (NEMD) simulations.We adopt an ideal structural model for the SiNWs
with a [001] axial direction and an atomically sharp {100} sidewall facets with the surface Si atoms all
dimerized and fully passivated by hydrogen. The size of the square cross section (up to 11.3 nm in width)
and the length (up to 0.4 µm) are varied, and byminimizing surface roughness and eliminating impurity
scattering effects, we elicit the pure size effect on the lattice thermal conductivities of SiNWs.

Method

A model atomic structure of SiNW is shown in Figure 1. This pristine SiNW is supposed to have a
crystalline diamond structure. It has (1 0 0), (−1 0 0), (0 1 0), and (0 −1 0) side wall facets and

Figure 1. Atomic structure of the hydrogen-passivated square cross section SiNW model. H and Si atoms are represented by the
red and blue balls. (a) A magnified view of the H-passivated SiNW side wall corner edge. (b) Cross section of the SiNW of W = 3a.
(c) A side view of the SiNW showing the hot (TH) and cold (TC) temperature regions and the fixed region at both ends. The defined
length L of the SiNW, which includes only the heat transport region except the thermostats along the [001] direction, is indicated.
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extends along the [001] direction. The cross section is square shaped, and the surface Si atoms at the
side walls are all dimer reconstructed and fully passivated by hydrogen. The corner edges in this
structure have Si di-hydride bonds, as shown in Figure 1a. The size of the SiNW is represented with
the width (W) of the square cross section and the length (L) along the axial [001] direction. In the
unit of the lattice constant (a) of the bulk crystalline Si, the width is expressed as W = n × a and the
length as L = l × a. Figures 1b and 1c show SiNW with W = 3a. The width (W) of the square cross
section is varied to determine the size effect on the lattice thermal conductivity and the length (L) of
the SiNW is varied to determine the diffusive limit of the lattice thermal conductivity with respect to
length. No isotope effect is considered.

The lattice thermal conductivity (ĸ) of the SiNWs are calculated using classical NEMD simula-
tions. The atoms in the single unit cell at both edges along the length direction are fixed to suspend
the SiNWs, and the atoms in the next 20 unit cells are allowed to move under thermal equilibrium
by the Nosé-Hoover thermostats at 330 K (TH) and 270 K (TC), which are shown in the left and right
shaded regions, respectively, in Figure 1c. Between the two thermostats is the region where heat is
transported, and the length (L) of the system is defined to include only the heat transport region.
The actual atomic length of the SiNWs in our simulations is then L + 42a including the thermostats
and suspension regions. A large-scale atomic/molecular massively parallel simulator is used [44]. The
time step in the NEMD simulations is 0.2 fs. Only the room temperature lattice thermal conductiv-
ities are investigated. The classical Tersoff-type interatomic potentials for the Si-Si and Si-H inter-
actions are used [45, 46], and the lattice constant of the Si is a = 5.404 Å within the Tersoff potential.

In Figures 2a–2d, the calculated cumulative energies (E) incorporated in the hot thermostat and
equivalently extracted from the cold thermostat are plotted as a function of time. In the steady state of
heat flow, E linearly increases with time, and the lattice thermal conductivities (ĸ) are directly computed
from Fourier’s law: J = ĸ(ΔT/L), where J = dE(t)/dt and ΔT = TH − TC. The temperature spatial
distributions along the SiNW lengths in the steady states are shown in Figures 2e–2h. The temperature
is found to decrease linearly from the hot thermostat (TH) to the cold thermostat (TC) along the heat
transport direction, and the spatial distribution of temperature through the system does not change with
respect to time, which guarantees that the system reaches the steady state [16].

Results And Discussion

The calculated lattice thermal conductivities of the SiNWs are plotted in Figure 3a with respect to the
lengths for widths W = 3a, 9a, 15a, and 21a (W = 2.7, 4.9, 8.1, and 11.3 nm, respectively). The lattice
thermal conductivities of the SiNWs are found to have a strong length dependence at least up to L = 0.4
µm. For the long length of L = 0.4 µm, the obtained thermal conductivities are ĸ = 10.0, 14.3, 19.8, and
23.9 W/mK for SiNWs withW = 2.7, 4.9, 8.1, and 11.3 nm, respectively. These values are far smaller than
the bulk crystalline Si value (150 W/mK). The thermal conductivities are smaller with smaller widths, as
expected, and the thermal conductivities increase with increasing lengths in the small length region (L <
0.4 µm). The length dependence of the thermal conductivities, which is absent in the macroscopic limits,
is due to the contribution of the ballistic thermal transport (a constant thermal conductance G)
throughout the SiNWs in the short length region. The calculated thermal conductances G are plotted
in Figure 3b with respect to the lengths for the SiNWs, showing the decreasing behavior with length.

Even with the long length of L = 0.4 µm, the thermal conductivities do not seem to converge to
the macroscopic (diffusive) limits with respect to the lengths (see Figure 3a). Because typically
experiments use lengths of a few or a few tens of µm for SiNWs to measure the thermal conductiv-
ities, the thermal conductivities should be measured in the µm length scale. Previous theoretical
calculations on the lattice thermal conductivities of SiNWs have been limited to small lengths and
obtained 2.3–10.0 W/mK withW = 2.2–6.5 nm and L = 6.0–54 nm (indicated by the magenta crosses
in Figure 3a) [28], 1.2–1.8 W/mK with W = 1.6–2.7 nm and L = 10.9 nm (indicated by the black
crosses in Figure 3a) [33], and 4.2–7.4 W/mK with W = 4.5–12 nm and L = 3.3 nm (indicated by the
red and green crosses in Figure 3a) [43]. These ĸ values obtained for the small lengths of SiNWs
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cannot be directly compared with the experimentally measured ĸ values obtained for SiNWs with
lengths of a few or a few tens of µm.

The calculated ĸ does not converge with respect to L with L = 0.4 µm. In order to find the diffusive
limits of the lattice thermal conductivities, the length dependence of ĸ is supposed to follow 1/ĸ = 1/ĸ0
× (1 + λ/L), where λ is the mode-averaged mean free path of phonons, and ĸ0 is the diffusive limit of
the lattice thermal conductivity in the L → ∞ limit. This linear dependence of 1/ĸ on 1/L is based on
the assumption that the mean free paths of phonons are mode independent. We plot the inverse lattice
thermal conductivities 1/ĸ versus the inverse lengths 1/L in Figure 4a for the various SiNW widths and
extrapolate 1/ĸ to 1/L→ 0 to find 1/ĸ0. The linear extrapolations of 1/ĸ to 1/L→ 0 with the two points
of the small lengths (L = 0.03 and 0.09 µm; the first and second points from the smallest one, labeled 1
and 2 in Figure 4a) provide extrapolated thermal conductivities [ĸ0(1, 2)] of 10.8, 13.6, 18.7, and 22.2
W/mK for SiNWs with W = 2.7, 4.9, 8.1, and 11.3 nm, respectively, in the macroscopic length limits.
The linear extrapolations performed with the two points of the longer lengths labeled 2 and 3 (L = 0.09
and 0.20 µm) in Figure 4a provide ĸ0(2, 3) of 11.2, 15.7, 21.9, and 25.4 W/mK and those with the two
points labeled 3 and 4 (L = 0.20 and 0.41 µm) provide ĸ0(3, 4) of 11.2, 16.0, 22.8, and 28.0 W/mK for
SiNWs with W = 2.7, 4.9, 8.1, and 11.3 nm, respectively.

0 100 200 300 400 500
0

5

10

15

20

E
 (

eV
)

W = 2.7 nm
W = 4.9 nm
W = 8.1 nm
W = 11.3 nm

0 15 30 45

270

300

330

T
 (

K
)

W = 2.7 nm
W = 4.9 nm
W = 8.1 nm
W = 11.3 nm

0 100 200 300 400 500
0

5

10

15

20

E
 (

eV
)

0 25 50 75 100

270

300

330

T
 (

K
)

0 100 200 300 400 500
0

2

4

6

8

E
 (

eV
)

0 50 100 150 200

270

300

330

T
 (

K
)

0 100 200 300 400 500

Time (ps)

0

2

4

6

8

E
 (

eV
)

0 100 200 300 400

Length (nm)

270

300

330

T
 (

K
)

(a) L = 0.05 μm

(b) L = 0.11 μm

(c) L = 0.22 μm

(d) L = 0.43 μm

(e) L = 0.05 μm

(f) L = 0.11 μm

(g) L = 0.22 μm

(h) L = 0.43 μm

Figure 2. (a)–(d) Calculated cumulative energies (E) incorporated in the hot thermostat and equivalently extracted from the cold
thermostat as a function of time in the steady state of the heat flow during the NEMD simulations. (e)–(h) Calculated temperature
spatial distributions as a function of L in the steady state. For the finite L SiNW in each panel, the different widths of W = 2.7, 4.9,
8.1, and 11.3 nm are indicated by the black, red, blue, and green lines, respectively.
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In Figure 4b, the extrapolated ĸ0—ĸ0(1, 2), ĸ0(2, 3), and ĸ0(3, 4)—are plotted as a function of the SiNW
lengths used for the extrapolation (the longer one among the two NEMD data points). As the length
increases, ĸ0 seems to converge especially for SiNWs with small widths, W < 10 nm. Though the length
dependence of ĸ shown in Figure 3a is strong, the length dependence of ĸ0 shown in Figure 4b is clearly
suppressed, because the ĸ0s are the estimated macroscopic limits. For SiNW with the smallest width (W =
2.7 nm; see black curve in Figure 4b), the ĸ0s are nearly independent of the NEMD data points used in the
extrapolations, which indicates that the lattice thermal conductivities of SiNWwith small widths follow the
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Figure 3. Calculated lattice thermal (a) conductivities ĸ and (b) conductances G with respect to the lengths L for SiNWs with
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Figure 4. (a) Calculated inverse lattice thermal conductivities 1/ĸ of SiNWs with respect to 1/L for W = 2.7, 4.9, 8.1, and 11.3 nm.
The lattice thermal conductivities extrapolated to L → ∞ with the two NEMD data points of the small lengths (the first and second
points from the smallest one, labeled 1 and 2) are plotted with dashed lines, those with points 2 and 3 with dot-dashed lines, and
those with points 3 and 4 with dotted lines. (b) Diffusive limits of the lattice thermal conductivities (ĸ0) of the SiNWs (filled symbols
with solid lines) extrapolated to the L → ∞ limit are plotted with respect to the SiNW lengths used for the extrapolations (the
longer one among the two NEMD data points). Calculated mean free paths of phonons (λ, open symbols with dashed lines) are
plotted with respect to the SiNW lengths.
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linear law 1/ĸ = 1/ĸ0 × (1 + λ/L). This implies that the mean free paths of phonons in SiNW with small
widths are insensitive to the modes, and the mode-independent λ approximation is good for the small
width system. However, when the width of SiNW is larger than about 5 nm, the extrapolated ĸ0s are found
to increase with the lengths of the NEMD data points used in the extrapolations. For SiNW withW = 4.9
nm (red curve in Figure 4b), ĸ0 is likely to converge to 16.0 W/mK.

The estimated diffusive limits of the lattice thermal conductivities, ĸ0s, of the pristine SiNWs are plotted
as a function of the SiNWwidths in Figure 5a. In Figure 4b, it is shown that the 1/ĸ-intercepts at 1/L = 0 (1/
ĸ0) are saturated with the large L and the slopes (1/λ) are also saturated with the large L. We include error
bars for the extrapolated values of ĸ0 and λ for eachW in Figure 5, which are about three times the difference
in ĸ0 between L = 0.2 and 0.4 µm corresponding to L ≥ 1 µm. The fabrication of SiNWs with ultrasmall
widths (W < 10 nm) and the measurement of their thermal conductivities have not, to the best of our
knowledge, been determined experimentally, but the thermal conductivities of SiNWswithW= 22–115 nm
with several micrometers of L have been measured [27]. The experimental values, 6.7–40.6 W/mK, are
plotted as a function of width in Figure 5a. Although theW ranges are different between our calculations
and the experiments, for a givenwidth, themeasured thermal conductivities are expected to be smaller than
the ĸ0 values. SiNWs in reality usually have rough side wall surfaces or interfaces with oxides [47, 48], and
the roughness seems to strongly suppress the thermal transport through the SiNWs [39–43]. Because the
SiNWs in our calculations are ideal in atomic structure with no defects and small surface roughness, the
estimated ĸ0 values in our simulations can be considered as the intrinsic upper limits of the lattice thermal
conductivities of SiNWs withW = 2.7, 4.9, 8.1, and 11.3 nm.

There have been several reports that in ultrathin Si nanowires, thermal conductivity increases
with decreasing cross section areas [49–51]. This is because of the enhanced number of long-
wavelength phonons that largely contribute to the thermal conductivity. This effect overcomes the
boundary scattering effect, which is serious in thin nanowires. Depending on which one is dominant
—(i) the long-wavelength phonon enhancement effect or (ii) the enhanced boundary scattering
effect in small Si nanowires—the dependence of the thermal conductivity and the mean free paths of
phonons on the sizes is determined. At low temperature below 100 K [50], for cross section sizes
smaller than 4 nm [49, 50] and with small boundary roughness [51], the effect (i) becomes dominant
and the thermal conductivities and mean free paths can increase with the small sizes. Our work only
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Figure 5. (a) Diffusive limits ĸ0 of the lattice thermal conductivities of pristine SiNWs with rectangular (black-filled square symbols)
and round cross section (red-filled circle symbols) respect to the SiNW widths. Experimental values from Moon et al. [24] are
indicated by the blue crosses. (b) Calculated mode-averaged mean free path λ of phonons with rectangular (black-filled square
symbols) and round cross section (red-filled circle symbols) in the SiNWs with respect to width.
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focuses on the room temperature thermal conductivities and the rather large sizes over 3 nm heading
toward the typical experimental scale of at least 10 nm.

The lengths to reach the macroscopic (diffusive) limits of the lattice thermal conductivities vary
with the widths of the SiNWs. In bulk crystalline Si, the length has been found to be very long, which
is about L = 17 µm [19], and the mean free paths of phonons in bulk Si crystal have been known to
be as long as 0.3–8.0 µm [7]. We calculate the mode-averaged mean free path λ of phonons in the
SiNWs, based on the linear dependence of 1/ĸ = 1/ĸ0 × (1 + λ/L). The λ obtained with the two
NEMD data points of the long lengths labeled 3 and 4 in Figure 4a [λ(3, 4)] are 50, 52, 63, and 80 nm
for SiNWs with W = 2.7, 4.9, 8.1, and 11.3 nm, respectively. The λs are plotted in Figure 5b as a
function of the SiNW widths. They increase with SiNW widths and are about 7–19 times longer than
the SiNW widths. The λs are much smaller than that of the bulk crystalline Si (0.3–8.0 µm) and
comparable to that (λ = 110 nm) of the bulk amorphous Si [19].

We compare the calculated thermal conductivities and phonon mean free paths with those of the
cylindrical Si nanowires. For cross section diametersW = 3 and 5 nm, the calculated ĸ0 and λ are indicated
in Figure 5. The ĸ0s are found to be about two to four times smaller than those of the rectangular cross
section Si nanowires for the same W. The λs are about two to three times smaller for the same W. The
smaller cross section area for the same W in cylindrical Si nanowires and the round surface morphology
may contribute to the reduction in thermal conductivity and the mean free paths of phonons.

Conclusion

We investigate the lattice thermal conductivities of ideal H-terminated {100} facet SiNWs using
classical NEMD simulations. Various sizes are considered, and by eliminating defects and minimiz-
ing surface roughness effects, the pure size effects on lattice thermal conductivities are focused on.
The intrinsic diffusive limits of the lattice thermal conductivities of pristine SiNWs are 11.2, 16.0,
22.8, and 28.0 W/mK for widths of 2.7, 4.9, 8.1, and 11.3 nm, respectively. The mode-averaged mean
free paths of phonons are calculated to be 50, 52, 63, and 80 nm, respectively. Because thermal
transport is expected to be suppressed for rough and defective SiNWs, the obtained lattice thermal
conductivities for pristine SiNWs can be treated as the intrinsic upper limits of the lattice thermal
conductivities of SiNWs with widths of 2.7, 4.9, 8.1, and 11.3 nm.
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