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Effect of a SiO2 layer on the thermal transport properties of 〈100〉 Si nanowires:
A molecular dynamics study
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The presence of a SiO2 layer on Si nanowires (SiNWs) has been found through molecular dynamics simulation
to reduce their thermal conductivity (κ), with κ approaching the amorphous limit of Si as the oxide layer thickness
is increased. Through analysis of the phonon energy dispersion and vibrational density of states (VDOS) spectrum,
this decrease in κ was attributed to dispersionless vibrational states that appear in the low energy range below
4 THz as a result of the lattice vibration of Si atoms near the SiO2/Si interface. The SiO2 layer also induced a
low-frequency tail in the VDOS spectrum, the length of which was more closely correlated to the reduction in κ

than the frequency-integrated value of the VDOS spectrum. These findings provide a more refined explanation
for the decrease in κ than has been previously observed, and contribute to providing a greater understanding
of the anomalistic vibration near the interface that is critical to determining the heat conductivity in nanoscale
materials.
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I. INTRODUCTION

Silicon nanowires (SiNWs) [1] have attracted considerable
attention as a promising building block for field-effect tran-
sistors (FETs) [2,3] and thermoelectric devices [4,5] by virtue
of their low dimensionality. Moreover, when the Si crystal
feature size is less than that of the phonon mean free path,
the thermal conductivity (κ) is known to drop by as much as
10–100 times when compared to bulk Si [4–11]. This decrease
in κ leads to a significant enhancement in the figure of merit
(ZT) of thermoelectric materials [4,5], but is an unwelcome
effect in nanoscale metal-oxide-semiconductor FETs [2,3] due
to the increased device degradation caused by Joule heating.
Thus, a greater understanding of this anomalous thermal
conductivity is an important issue for the future development
of Si nanodevices.

Past experimental studies have demonstrated that the κ of
SiNWs is sensitive to the wire diameter [4,12,13] and surface
roughness [4,14–17], with Li et al. [12] reporting that κ

is suppressed by a factor of about 100 with respect to the
bulk value when the wire diameter is reduced to ∼20 nm.
Hochbaum et al. [5] have also shown that κ can be even
further reduced by etching and roughening the wire surface
by means of electroless etching (EE), while Hippalgaonkar
et al. [14] identified that there is a less significant decrease
in κ if SiNWs are fabricated by electron beam lithography
rather than EE. A more detailed investigation into the relation
between the κ and surface roughness of SiNWs conducted
by Lim et al. [15] using high-resolution transmission electron
microscopy revealed that the roughness power spectrum has
a larger effect on κ than the diameter of the NW. Contrary
to this, Feser et al. [13] concluded on the basis of Raman
spectroscopy observation that the decrease in κ is instead

caused by a change in the atomic structure introduced by
etching, and not a roughening of the NW surface.

The decrease in the κ of low-dimensional materials has been
explained by several theoretical models [18–27], which can be
broadly divided into four classes. In the first model, hereafter
referred to as model I, a decrease in the phonon group velocity
due to the modification of the phonon energy dispersion is
believed to lead to an increase in the phonon scattering rate,
and therefore a decrease in κ [19,20,26,28]. The second model
(model II) attributes the lower κ value to a phonon-boundary
scattering effect that increases diffuse reflection on the surface
of the material [21,22,25]. The significant role of boundary
scattering is discussed, for example, in Refs. [10] and [18]. In
the third model (model III), the decrease in κ is considered to
originate from localized entrapment of phonons at a given
position in the NW [8,9], as has been reported by Chen
et al. [8]. Finally, more recent studies (model IV) have
indicated that the presence of an amorphous silicon dioxide
(SiO2) film may influence κ [23,24], and that the change in
the vibrational density of states (VDOS) at the SiO2/Si inter-
face is the more likely origin for the observed decrease [24].

Although all of the above mentioned models are based
on solid theoretical grounds, respectively, the consensus
about the major origin of the κ reduction has not yet been
formed. This study therefore uses molecular dynamics (MD)
simulation to investigate the most likely origin of the decrease
in κ in SiNWs, with a particular focus on the relation
between κ and phonon energy dispersion. The present work
focuses on 〈100〉-oriented SiNWs, for which the κ reduction
was observed experimentally [4,13]. This simulation model
explicitly includes the SiO2 surface film, which is known to
induce considerable disorder in the Si lattice at the interface. It
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FIG. 1. (Color online) Molecular dynamics simulation models of
a SiNW with (a) 0, (b) 2, (c) 3, or (d) 5 monolayers (ML) of oxide
film.

is found that the presence of this oxide layer causes extra
vibrational states, which appear as dispersionless phonon
bands in the low energy range. We subsequently demonstrate
that there is a quantitative correlation between the density of
these dispersionless vibrational states and κ .

II. SIMULATION METHODS

Figure 1 shows simulation models for SiNWs with a 〈100〉
orientation and covered with an oxide film, which were formed
from a bare cylindrical SiNW measuring 5.0 nm in diameter
and 16.3 nm in length, and containing 15 870 Si atoms. An
oxide layer was then added by inserting O atoms into the
midpoints of the Si-Si bonds on the wire surface using a layer-
by-layer manner. Insertion sites were randomly chosen from all
of the Si-Si bonds at the interface, but the oxidation of the next
layer was suppressed until the upper monolayer (ML) was fully
oxidized. After each oxidation of 0.1 ML, the whole structure
was optimized by a conjugate gradient method. Next, an MD
calculation was performed at a temperature of 1000 K to further
relax the whole structure by promoting the amorphization of
the oxide film. Figures 1(b), 1(c), and 1(d) show the partially
oxidized SiNW models with two, three, and five ML oxide
films, respectively.

Thermal conductivity was calculated by means of nonequi-
librium MD (NEMD) simulation [29–36], wherein fixed
boundary conditions were imposed on both ends of the NW
in its axis direction, but other surface atoms were free to
move. First, we execute an NVT MD simulation for 1.0 ns
at 300 K to equilibrate the whole system. Second, each end
of SiNW are thermostated to 275 and 325 K, respectively,
to form a cold and hot heat bath. The lengths of these heat
bath regions were defined as 10% of the total wire length,
and their temperature was controlled by the velocity scaling
method [33–35]. The NEMD simulation was then conducted
for a further 1.2 ns, which is sufficiently long enough to reach
a steady-state condition and establish a constant temperature
gradient (∇T ) with a constant heat flux.

Figure 2 shows the temperature gradient established along
the NW by the NEMD simulation, in which the temperature
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FIG. 2. (Color online) Temperature gradient along the length of
a SiNW. A linear fit is shown by the red solid line.

was calculated from the kinetic energy of the atoms and is
time averaged over 0.2 ns. Using this temperature profile, ∇T

is estimated by a linear fitting in order to calculate κ from
Fourier’s law: κ = J/∇T . Here the heat flux J is defined as the
amount of energy transferred from the hot to cold bath regions
over a given unit time through a unit cross sectional area.

To investigate the change in κ in relation to the phonon
modes of the SiNW, the energy dispersion relation was calcu-
lated by a dynamical structure factor. The phonon dispersion
relation is therefore obtained as ridges on the contour map of
the dynamical structure factor S(k,ω), which is defined as

S(k,ω) = 1

2π

∣∣∣∣
∫ T

0
ρ(k,t) exp(iωt)

∣∣∣∣ dt, (1)

where k is the wave vector, ω is the angular frequency, and
T is the total simulation time. The Fourier component of the
atom density ρ(k,t) is defined as

ρ(k,t) =
N∑

j=1

exp[−ik · rj (t)], (2)

where N is the total number of atoms, and rj (t) is the
trajectory of atom j obtained from MD simulation. The MD
simulation to calculate S(k,ω) was conducted for 50 ps at
300 K, with a periodic boundary condition adopted in the
longitudinal direction of the system. The wave vector was
specified as (2π/a)(q,0,0)(0 < q < 1) in the first Brillouin
zone, where a is the Si lattice constant (0.543 nm). Since the
Fourier component in Eq. (2) contains the dot product of the
coordinate of particles rj (t) and the wave number vector k,
only the longitudinal modes are examined by S(k,ω). In order
to extract the transverse modes, S(k,ω) was scanned along
k = (2π/a)(q,0,0) + G, where G is a reciprocal lattice vector
perpendicular to k and taken to be G = (2π/a)(0,2,0).

An interatomic potential was employed for mixed systems
of Si and O [37,38], and was simply an extended version of the
Stillinger-Weber potential [39]. This potential was designed
to reproduce the SiO2/Si system including compressively
strained interfacial layers. In Refs. [40] and [41] it has been
demonstrated that the potential reproduces qualitatively the
phonon dispersion curve of bulk Si.
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III. RESULTS AND DISCUSSION

A. Thermal conductivity of 〈100〉 SiNWs

The κ values calculated for various oxide thicknesses are
plotted in Fig. 3 as a function of the total cross-sectional area
of the NW. We can see from this that the κ of a bare SiNW is
7.6 W/mK, which is 5% the value of bulk Si (156 W/mK) [42].
Furthermore, this calculated value agrees well with a previous
report by Saegusa et al. [23], in which the κ of a SiNW 9.41 nm
long and 4.84 nm diameter was estimated to be 6.6 W/mK.
The slight variation between the two different calculations is
reasonable in the light of the remark by Volz and Chen [10]
that κ is independent of the NW length when it is longer than
8.7 nm. Figure 3 also shows that the κ of a SiNW reduces as
the Si layer thickness is reduced by the growth of oxide layers,
and approaches the amorphous limit of ∼1.0 W/mK for Si.

The decrease in κ is more significant than would be
expected based on a simple estimation of the area ratio of the
Si core to SiO2 film. For instance, if we assume that the κ of a
SiO2-coated SiNW structure can be expressed by the weighted
average of κSi and κSiO2 with cross-sectional area [32], then

κ = ASi

ASi + ASiO2

κSi + ASiO2

ASi + ASiO2

κSiO2 . (3)

This simple estimate is also shown in Fig. 3. Here κSi is
assumed to be the thermal conductivity of bare SiNW of
7.6 W/m. The κSiO2 is assumed to range between 1.0 and
2.0 W/mK [23]. Note that this simple calculation tends to
overestimate κ . This indicates that the decrease in κ with
increasing oxide layer thickness cannot simply be explained by
the reduction in area ratio between the thermally conducting Si
core and thermally insulating oxide film, i.e., there are other
factors responsible for reducing the thermal conductivity of
SiNW covered with oxide film.

FIG. 3. (Color online) (a) Thermal conductivity κ of a SiNW as
a function of its cross-sectional area. Solid circles represent κ values
obtained by molecular dynamics simulation. Filled and open squares
represent a simple estimation of κ with a κSiO2 of 1.0 and 2.0 W/mK,
respectively. The shaded area is the model prediction with 1.0 <

κSiO2 < 2.0 W/mK, in which κSi is assumed to be equal to the κ of
bare SiNW (7.6 W/mK).

It is worth noting that, in our previous work [41], it was
demonstrated that the heat diffusion is retarded by thinning the
inner Si layer and is less dependent on the thickness of the outer
SiO2 layer. The result suggests that the κ decrease observed in
the present work is mainly attributed to the thinning of the Si
core rather than the increase of the oxide thickness.

B. Effect of a SiO2 layer on phonon energy dispersion in SiNWs

Figures 4(a) and 4(b) show the intensity of the dynamical
structure factor S(k,ω) for the whole body of a SiNW with
various oxide thicknesses along k = (2π/a)(q,0,0) and k =
(2π/a)(q,2,0), respectively. Note that a longitudinal acoustic
(LA) phonon branch can be seen in Fig. 4(a), whereas a
transverse acoustic (TA) phonon branch is evident in Fig. 4(b).
In both figures, however, new dispersionless states appear
in the low-energy region below 4.0 THz, which become
increasingly more significant as the oxide thickness increases.

Figure 5 shows the intensity profile for S(k,ω) at k =
(2π/a)(0.5,0,0) + G, in which the intensity peak at 4.8 THz
corresponds to the TA phonon mode. This reveals that although
the intensity of the TA mode decreases with increasing
SiO2 layer thickness, the broad spectra of the dispersionless
vibrational states in the low-energy range below 4.0 THz
actually increase. Given that low energy phonon modes are
known to be responsible for heat conduction, the dispersionless
phonon states induced by the outer SiO2 film are considered
to directly affect the heat conductivity of a SiNW.

Figure 6(a) shows the intensity of the dynamical structure
factor S(k,ω) for the whole body of a SiNW with a 3 ML
oxide layer, while Figs. 6(b) and 6(c) show the intensity for
the Si core and interfacial Si region, respectively. It should be
noted here that the Si core is defined as the Si atoms located
11th to 13th atomic layers from the surface, whereas the
interfacial Si region represents the second to fourth layers. The
superimposing of the LA and TA acoustic phonon branches
on the same color map in Fig. 6 reveals that the intensity of
the dispersionless states is most significant in the interfacial
Si region. These dispersionless phonon states are therefore
considered to be the result of the peculiar vibration of Si atoms
near the SiO2/Si interface; however, it is difficult to define their
group velocity, effective mass, or lifetime [43]. This implies
that the heat transfer properties of a SiNW surrounded by an
oxide film cannot be discussed in the context of conventional
harmonic oscillator approximation.

C. Vibrational density of states

Figure 7 shows the VDOS of the SiNWs, which was
calculated by a Fourier transform of the atomic velocity
correlation function [24,40]. The effect of the oxide film is
reflected by the whole body fading of the VDOS spectra, which
is attributed to the attenuation of bulklike phonon vibration
modes. The appearance of the dispersionless phonon states is
evidenced by the increase in the VDOS at frequencies below
4.0 THz, as shown in the inset of Fig. 7(a).

As shown in Figs. 7(b) and 7(c), a partial VDOS was
calculated for the same Si core and interfacial Si regions that
were defined in Fig. 6. As can be seen in Fig. 7(b), the partial
VDOS of the Si core is almost identical to that of a bare NW,
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FIG. 4. (Color online) Phonon dispersion relation of acoustic phonon modes. (a) Longitudinal and (b) transverse acoustic mode of a SiNW
with 0, 2, 3, or 5 monolayers of oxide film.

which means that the vibrational properties are unchanged
even if the NW is covered with a SiO2 oxide film. In contrast,
the VDOS of the interfacial Si region is attenuated over a
wide frequency range as the oxide thickness increases, which
is consistent with a previous evaluation of the VDOS of a

FIG. 5. (Color online) Intensity of the dynamical structure factor
as a function of frequency for a SiNW with 0, 2, 3, or 5 monolayers
of oxide film. The wave vector is (2π/a)(0.5,0,0).

SiNW embedded in a silica matrix by He and Galli [24].
In the low-energy range below 4 THz, however, the VDOS
increases with oxide thickness, which of course corresponds
to the appearance of dispersionless states in the dynamical
structural factor.

FIG. 6. (Color online) Partial dynamical structure factor of a
SiNW covered with 3 monolayers of oxide. (a) Whole body, (b) Si
core encompassing the 11th to 13th atomic layers from the surface,
and (c) the Si surface region between the second and fourth atomic
layers.
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FIG. 7. (Color online) Vibrational density of states for bare and
oxidized SiNWs. (a) Whole body, (b) Si core region (11th to 13th
atomic layer from the surface), and (c) Si surface region (second to
fourth atomic layer).

In order to better clarify the impact of the new dispersionless
states at the SiO2/Si interface on κ , the correlation between the
VDOS shape of acoustic phonons and κ was investigated. For
this, the VDOS shape in the energy range between 1.0 and
9.0 THz was characterized by four parameters, as shown in
Fig. 8: (i) the area under the VDOS curve A, (ii) the tail slope
α of the VDOS in the low-frequency region below 4.0 THz, (iii)
the peak value h, and (iv) the full-width at half maximum w.
Figures 9(a)–9(d) shows the κ of a SiNW and each of these four
parameters, with α clearly exhibiting the closest correlation. In
other words, κ decreases with the slope of the low-frequency
tail of VDOS, whereas the length of the low-frequency tail
corresponds to the dispersionless states. This means that the
decrease in κ observed in SiNWs can be attributed to the
appearance of new vibrational states near the SiO2/Si interface,
as opposed to the attenuation of the frequency-integrated value
of the VDOS spectrum.

D. The κ reduction mechanism

The appearance of dispersionless states in SiNW offers a
more refined explanation for the observed decrease in κ than
the previously proposed mechanisms outlined in Sec. I. For

FIG. 8. (Color online) Illustration of the four VDOS parameters
used to characterize its shape: (i) area, (ii) slope, (iii) peak, and (iv)
width of the VDOS curve. The VDOS curve was fitted at lower
frequencies (1.0–4.0 THz) by a linear function, but a quadratic
function was used at higher frequencies (4.0–9.0 THz).

example, since the group velocity cannot be defined for the
dispersionless phonon states shown in Fig. 4, model I clearly
does not provide an adequate explanation. The appearance
of these dispersionless phonons does indicate an enhanced
phonon scattering at the interface that is concordant with
model II; however, the present results also suggest that this
phonon scattering is enhanced by randomly distributing these
dispersionless states at the interface, and not by increasing
the interfacial roughness. Thus, the significant decrease in κ

cannot be explained quantitatively by only considering the
elastic phonon scattering at a roughened SiO2/Si interface [25].
Furthermore, as shown in Fig. 9, the decrease in κ is more
closely correlated to the enhancement of dispersionless states
than any decrease in VDOS, which means that model IV also
fails to indicate the direct origin of the κ reduction.

Model III, which is based on phonon localization at the
surface, is therefore the one that most closely matches with
the results of this study. This would mean that the oxide-
induced dispersionless states have no clear dependency on the
wave vector k, and that vibrational state does not propagate
systematically in any given direction. However, as shown
in Fig. 4, the oxide-induced states appear as noise, and so
vibration is clearly not strictly localized at a specific position.
Thus, nonpropagative vibrations at the SiO2/Si interface are
likely to disturb the heat transfer, making the appearance of
the random dispersionless states responsible for the observed
decrease in κ . We note that, although our results are obtained
for 〈100〉-oriented SiNW, it is expected that the anomalous κ

behavior induced by the atomistic disorders can be observed in
other crystal orientations. This point is open for future studies.

It is worth noting here that lattice disorder near the SiO2/Si
interface is known to hinder the current flow of narrow SiNW
transistors [44]. Moreover, the phonon properties near the
SiO2/Si interface are considered to be significantly affected
by the interfacial lattice disorder, meaning that the force
constant of the Si lattice must be modified near the SiO2/Si
interface. Given this, the anomalous properties of carrier and
heat transport in nanostructured materials can be attributed to
the atomic structure of the interface, thus making control over
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FIG. 9. (Color online) Dependence of κ on the (i) area, (ii) slope, (iii) peak, and (iv) width of the VDOS curve. The coefficient of
determination R2 is also shown in each graph.

this interface at an atomic scale essential to improving the
thermoelectric properties of practical Si nanodevices.

IV. CONCLUSIONS

Evaluation of the oxide thickness dependence of κ in
SiNWs by NEMD simulation has demonstrated that κ

decreases with increasing oxide thickness increases, and
approaches the amorphous limit for Si. This decrease in κ

cannot be simply explained by the reduction in area ratio of
the heat-conductive Si core to the heat resistive SiO2 film, but
rather is attributed to newly generated dispersionless phonon
states near the SiO2/Si interface. Thus, the decrease in κ is
more closely correlated with the extent of the low-frequency

tail of VDOS than the frequency integral. It is therefore
concluded that modification of the vibrational properties near
this interface is essential to understanding heat conduction in
low-dimensional materials.
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