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Control over phonon transport is critical to the development
of next-generation thermoelectric devices in semiconduc-

tors. Thermoelectric efficiency in such devices is usuallymeasured
by the figure-of-merit ZT = S2σT/k where S is the Seebeck
coefficient, σ is the electrical conductivity, k is the thermal
conductivity, and T is the (average) temperature. In crystalline
nanowires (NWs), the role of phonon transport becomes in-
creasingly important because spatial confinement in low-dimen-
sional nanostructures is found to considerably reducek compared
to bulk, while the power factor (S2σ) only deviates slightly.1�3

Recently, such unique characteristics have been applied to enable
high ZT values in Si-based thermoelectric devices incorporating
NWs or nanomesh structures.4�8 Phonon confinement effects in
SiNWs result primarily from a dispersion of the phonon spectrum
due to surface scattering and therefore depend on the NW
diameter and surface structure.2,9�16 Earlier experiments5,6 have
shown clear evidence for a marked reduction of k in chemically
etched Si NWs with rough surfaces in comparison to smooth
NWs of equivalent diameter. Also, previous theoretical reports on
Si NWs with either random surfaces11,13,17,18 or more symmet-
rical ones consisting of square or triangular steps18,15 have shown
that the surface roughness and the native surface oxide layer
behave as secondary scattering phases and act to augment the
rates of diffuse reflection and backscattering of phonons at the
boundary. Furthermore, Moore et al.19 have proved theoretically
that phonon backscattering due to surface roughness could be
extended to NWs presenting periodic sawtooth facets. Unlike
random surfaces, surface faceting occurs naturally (and more
controllably) on the sidewalls of Si NWs obtained through

metal-catalyzed vapor phase epitaxy. In particular, significant
progress has been made experimentally in controlling the surface
morphology of Æ111æ-oriented Si NWs with sidewalls varying from
atomically smooth {121} planes20,21 to complex sawtooth faceting
with either {111}/{100} facets22�25 or {111}/{113} facets.26�30

Surface faceting at the nanoscale has been found in the past to
profoundly influence chemical, mechanical, and electrical proper-
ties in crystalline NWs and nanoparticles.31�36 However, our
understanding of the effect of surface faceting on thermal transport
in semiconductor NWs is still rather restricted.

In this Letter, using atomistic computer simulations, we
examine the impact of NWmorphology on thermal conductivity
in Æ111æ Si NWs with particular emphasis on circular, hexagonal,
and sawtooth-faceted shapes. A detailed analysis of vibrational
density of states (VDOS) between core and surface atoms is
carried out for different types of facet to determine the relation-
ship between surface structure and phonon dynamics and to
elucidate the surface scattering mechanism controlling thermal
transport in these materials. From this study, we show that the
macroscopic limit of k is reduced by 90% in sawtooth-faceted
{111}/{100} Si NWs compared to the experimental bulk con-
ductivity at the same temperature and reduced by 55% compared
to NWs of same size with smooth sidewalls. This effect is shown
to result from a strong dispersion of surface phonon in {100}-
type facets compared to VDOS of atoms in the core. However,
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ABSTRACT: Surface faceting on sidewalls is ubiquitously ob-
served during crystal growth of semiconductor nanowires.
However, predicting the thermal transport characteristics of
faceted nanowires relevant to thermoelectric applications re-
mains challenging. Here, direct molecular dynamics simulations
show that thermal conductivity is considerably reduced in
crystalline Æ111æ Si nanowires with periodic sawtooth faceting
compared to nanowires of same size with smooth sidewalls. It is
discovered that surface phonon scattering is particularly high
with {100} facets, but less pronounced with {113} facets and
remarkably low with {111} facets, which suggests a new means to optimize phonon dynamics for nanoscale thermoelectric devices.
This anomaly is reconciled by showing that the contribution of each facet to surface phonons is due to diffuse scattering rather than
to backward scattering. It is further shown that this property is not changed by addition of an amorphous shell to the crystalline core,
similar to the structure of experimental nanowires.
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the simulations reveal that phonon dispersion is less pronounced
with {113}-type facets and absent with {111}-type facets, which
suggests that the facet contribution to surface modes is due to
diffuse scattering rather than to backward scattering. It is further
shown that this property is not altered when adding a shell made
of amorphous Si to the crystalline core, which is similar to the
surface structure of Si NWs in experiments.

Four types of crystalline, Æ111æ-oriented Si NWs with different
surface morphologies were studied by using nonequilibrium
molecular dynamics (MD) computer simulations (see method
description in Supporting Information). Themodels investigated
consisted of smooth, cylindrical surfaces with either circular
sidewalls (Figure 1a) or hexagonal, {121}-type sidewalls
(Figure 1b), and two types of periodic sawtooth faceting with
{111}/{100} facets (Figure 1c) or {111}/{113} facets (not
shown). Figure 2a shows the system size-dependence of 1/k on
1/Lz, where Lz is the simulation cell length (Figure 1a), for all
structures from our MD computations. It is worth noting that a
plot of 1/k versus 1/Lz is linear due to finite-size effects known to
arise in simulation when Lz is smaller than the phonon mean-free
path.37 Figure 2a shows that 1/k increases markedly in Æ111æ Si
NWs with a diameter of 9.8 nm compared to bulk; however this
effect is more pronounced in sawtooth-faceted NWs than smooth
ones. This conclusion is consistent with spatial confinement and
surface roughness effects on thermal transport described by
others. Furthermore, extrapolating each linear trend to 1/Lz ∼ 0
yields the macroscopic limit of thermal conductivity, referred to
as k∞ in the following (see Supporting Information). Figure 2b
shows clearly that k∞ is the smallest for sawtooth {111}/{100}
NWs with k∞ = 16 W m�1 K�1. Such a low conductivity for

crystalline Si corresponds to a reduction in thermal transport of
90% compared to thermal conductivity in bulk Si (111) at 300 K
(k∞ = 156 W m�1 K�1)38 and up to 55% compared to NWs of
same size with circular sidewalls (k∞ = 36 W m�1 K�1). For
comparison, k∞ = 21 W m�1 K�1 in sawtooth {111}/{113}
NWs, thus suggesting that k∞ also depends on the type of surface
faceting. It is also worth noting in Figure 2 that k∞ is significantly
smaller in smooth NWs with flat {121} sidewalls (k∞ = 24 W
m�1 K�1) than inNWs with a circular cross-section. The fact that
this difference is smaller than the variation in cross-sectional area
between these two structures (17%) supports the idea that
boundary scattering is superior for certain surface orientations
than others, as shown below. Using eq (1) in Supporting Informa-
tion with ν = 6500 m 3 s

�1 for the interatomic potential used in
this study,37,39 we also find that the phonon mean free path
decreases from 69.6 nm from bulk to 7.2 nm in {111}/{100}
NWs, which therefore suggests that the contribution of surface
phonons is strong in the latter case.

Moreover, Figure S1 (see Supporting Information) tends to
indicate thatk∞ decreases quasi-linearly as the faceting height and
length increase in sawtooth-faceted NWs. Such a linear scaling
of k with facet height differs markedly from past theoretical

Figure 2. Effects of surface structure on lattice thermal conductivity of
Æ111æ Si NWs at 300 K. (a) System size dependence of 1/k on 1/Lz
as predicted by nonequilibrium molecular dynamics simulations.
(b) Macroscopic limit of thermal conductivity k∞ obtained by extra-
polating the lines to 1/Lz ∼ 0, as a function of surface morphology.

Figure 1. Atomistic models of Æ111æ-oriented Si NWs with diffe-
rent surface structures. (a) Cylindrical NW with circular cross section.
(b) Cylindrical NW with hexagonal cross section made of flat {121}
sidewalls. (c) Sawtooth-faceted NW made of a periodic arrangement of
{111}/{100} facets. The lateral dimension is 9.8 nm in all models.
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predictions by Martin et al.13 in rough Si NWs. In particular,
these authors have obtained that considering random peaks at
the Si�SiO2 interface to serve as constrictions to phonon
propagation would lead to a quadratic dependence of k on the
root-mean-square roughness height. This discrepancy therefore
implies that the surface scattering mechanism is different in the
present study. A linear relationship could also indicate that thermal
transport is subjected to partially backward scattering by the
sawtooth morphology.19 This hypothesis is further investigated
in what follows.

Atomistic simulations and ab initio calculations have been used
extensively to study vibrational properties because k is strongly
influenced by changes in VDOS. Past simulation studies in a
variety of Si nanostructures ranging from pure crystalline Si
nanoparticles40 and NWs41,10 to core�shell Si NWs with amor-
phous or crystalline layers42,11,17,43 have shown clear changes
from the bulk VDOS, because the contribution of surface modes
to the total VDOS becomes more important for smaller NWs due
to the increasing fraction of atoms located at the surface relative to
the fraction of atoms in the core. The primary changes are
twofold: (1) an increase of the VDOS at low frequencies, which
is amplified by the fact that the phonon spectrum near the
transverse-acoustic (TA) mode becomes more linear with de-
creasing size,40 and (2) a pronounced transfer of weight from the
high-frequency transverse-optical (TO) peak to intermediate
frequencies.11 Here, using Figure 3 we studied the changes in
average VDOS predicted between atoms in the core and those
from different types of surface facets (see method description in
Supporting Information). In all cases, the behavior of the core
atomswas found similar to the bulk-likemodes.40 Also, theVDOS
of flat {121} sidewalls (Figure 3a) was found to coincide with
that of core atoms for most phonon modes except for the

low-frequency TA mode where a slight increase in VDOS could
be detected due to the localization of phonons at the free surface.
On the contrary, significant changes in VDOS were observed
with atoms on {100} facets compared to core atoms as shown in
Figure 3d. These changes were characterized by a shift to lower
frequencies and an increase in height of the TA peak in the range
0�5 THz, as well as by a significant dispersion to intermediate
frequencies and a decrease in height of the TO peak in the range
12�20 THz. The changes associated with the VDOS of atoms on
{113} facets were also found significant, as shown in Figure 3c,
but relatively less than for atoms on {100} facets. This agrees well
with the predictions presented in Figure 2b where k∞ was found
smaller with sawtooth {111}/{113} faceting than sawtooth
{111}/{100} faceting. Remarkably, however, it can be observed
in Figure 3b that the VDOS of atoms on {111} facets in sawtooth
NWs shows no significant phonon dispersion compared to
VDOS in core atoms and is somewhat similar to that of atoms
on {121} facets in smooth NWs presented in Figure 3a.

Since k is strongly affected by dispersion of surface phonons at
each frequency, the above result enables us to conclude that
{100}-type facets and, to a lesser extent, {113}-type facets
contribute more significantly to the overall reduction of k than
{111}-type facets and {121}-type facets. An attempt is made in
the following to understand the physical origin of this phenom-
enon. It is acknowledged that when a lattice wave strikes the
surface of a facet, the reflected wave is subjected to both specular
and diffuse scattering from the microscopic surface roughness
and to backscattering emanating from the sawtooth structure
bouncing back phonons. Surprisingly, the absence of surface
phonon dispersion in {111} facets is in stark contrast with the
stronger dispersion predicted in {113} facets. It is emphasized in
Table 1 that the angle made by {111} facets with the NW axis is

Figure 3. Average VDOS analysis of atoms located in the core or at the surface of simulated Si NWs for different types of surface facets: (a) {121}
sidewall, (b) {111} facet, (c) {113} facet, and (d) {100} facet. The frequency domains for both transverse acoustic (TA) and optical (TO) modes are
also indicated in (a).
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almost twice that in {113} facets. Accordingly, it could be
predicted that phonon backscattering effects should be more
important with the former than the latter,19 which contradicts the
results presented in Figure 3. This clearly suggests that the facet
contribution to surface modes is more likely related to diffuse
scattering than to backward scattering.

Furthermore, an analysis of possible scattering mechanisms on
free surfaces can be made by invoking two hypotheses. First,
Figure 3 shows a close-up view on the atomic structure of each
facet type after thermal relaxation revealing that {100} and {113}
surface facets have 2� 1 dimer reconstructions and 3� 1 surface
reconstructions,44 respectively, which is common for Si. Such
reconstructed surface structures differ in complexity from more
regular, stable structures observed on {111} surface facets. This is
in good agreement with past experimental measurements in low-
dimensional Si systems showing that the surface energy at
equilibrium is larger by 10�15% on {100} and {113} facets
than on {111} facets.45 Therefore, one could possibly conclude
that TO modes are more likely dispersed on high-energy
boundaries, such as {100} and {113} facets due to surface
imperfections (for example, the presence of steps and dangling
bonds). In the present work, however, this argument breaks
down because {112} facets and {113} facets, whose surface
reconstructions are found to be very close in Figure 3, exhibit
marked difference in VDOS at the free surface. Second, a
recent theoretical study by Aksamija and Knezevic46 has also

demonstrated that diffuse boundary scattering is always stronger
on Si (100) surfaces than Si (111) surfaces because TA phonon
velocities in crystalline Si are mostly directed along Æ100æ
directions. As such TA modes are found to scatter very strongly
from boundaries oriented parallel to (100) because these surfaces
are perpendicular to the lattice wave propagation. Similarly,
Table 1 shows that in the present study the Æ100æ directions
make the highest angle with {100} and {113} facets and the
lowest one with {111} facets, which is more in line with the
VDOS predictions presented in Figure 3. Surprisingly, based on
the same analysis, this table also demonstrates that diffuse
scattering should be less favorable on sawtooth {111} facets
than on flat {121} sidewalls.

In order to confirm that the dependence of thermal transport
on surface facets in Si NWs is controlled by anisotropic effects on
phonon propagation, we computed thermal conductivities for Si
NWs with a crystalline core of same size and morphology (either
hexagonal or sawtooth {111}/{100} faceted) and an amorphous
shell of varying thickness (see description of methods in Sup-
porting Information). The results presented in Figure 4 demon-
strate that, while the amorphous shell contributes to a significant
reduction in k as the shell thickness increases, the overall
difference between different types of morphology remains un-
changed. The atomic structure of the interface between the
crystalline core and the amorphous shell is arguably different
from that of free surfaces in pure crystalline Si NWs; however
Figure 4 shows that k is always larger in NWs with {121}
sidewalls than in NWs with {111}/{100} faceting regardless of
the amorphous shell thickness. This key finding emphasizes that
the present theoretical study is relevant to understanding thermal
transport in faceted Si NWs in experiments, because realistic
surfaces are most often associated with the presence of amor-
phous native oxides in Si.

In summary, using nonequilibrium atomistic simulations
the present study has shown that thermal conductivity is
reduced considerably at 300 K in sawtooth Si NWs with either
{111}/{100} faceting or {111}/{113} faceting, compared to
smooth Si NWs of equivalent diameter, even with the addition of
an amorphous shell to the crystalline core. We demonstrate that
the macroscopic limit of k decreases to 16 W m�1 K�1 in
crystalline Si NWs with periodic sawtooth {111}/{100} facets.
This value represents a significant reduction of up to 90%
compared to bulk and more than 55% compared to smooth
NWs with flat {121} sidewalls. An analysis of VDOS between
core and surface atoms also revealed that the loss in thermal
transport coincides with a strong dispersion of the TA and TO
phonons peaks on {100} facets. A major conclusion is that this
characteristic appears to be less pronounced with {113} facets
and almost absent with {111} facets. This anomaly was recon-
ciled by showing that the contribution of each facet to surface
modes is due to diffuse scattering rather than to backscattering.
These conclusions therefore provide a new approach to control
phonon dynamics in nanoscale Si-based thermoelectric devices,
and are relevant to other semiconductor NW systems where
surface faceting phenomena are prominent.
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Table 1. Surface Facet Orientation with Respect to NW Axis
and Æ100æ Crystallographic Directions

type of surface

facet

angle with Æ111æ
NW axis (deg)

maximum angle with

Æ100æ directions (deg)

{100} 35 90

{111} 19 35

{113} 10 65

{121} 0 55

Figure 4. Thermal conductivity for hexagonal and sawtooth-faceted Si
NWs consisting of a crystalline core and an amorphous shell, as a
function of amorphous shell thickness. Lz = 82 nm in all models.
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