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Abstract

We report on the first experimental observation of coherent phonon transport characteristics in silicon nanowires (SiNWs) synthesized
by a one-step surface reconstruction growth mechanism. As-grown SiNWs taper down along the growth direction alongside a decrease in
both roughness and stacking fault density. Furthermore, by systematically measuring the temperature-dependent thermal conductivity
using a conventional thermal bridge method, we found that the measured thermal conductivity values of surface-reconstructed
(SR)-SiNWs (13–20 W m�1 K�1) at room temperature are markedly lower than that predicted from the conventional diffuse phonon
transport model for given NW diameters. We also observed that the thermal conductivities of SR-SiNWs exhibit an unexpected power
law of �Ta (1.6 6 a 6 1.9) in the temperature range of 25–60 K, which cannot be explained by the typical Debye � T3 behavior. Interest-
ingly, our experimental results are consistent with a frequency-dependent model, which can be induced by coherence in the diffuse reflec-
tion and backscattering of phonons at the rough surface and stacking faults on SR-SiNWs, resulting in the suppressed thermal
conductivity. Therefore, the demonstrated rational synthesis model and measurement technique promise great potential for improving
the performance of a wide range of one-dimensional NW-based thermoelectric devices.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past few years, a number of research groups
have intensively studied, both experimentally [1–5] and
theoretically [6–10], the enhancement of thermal properties
(figure-of-merit; ZT) of silicon nanowires (SiNWs),

primarily focusing on diameter reduction and surface
roughness. Of particular importance in the application of
SiNWs to thermoelectric (TE) devices [11,12] is the need
to reduce the effective thermal conductivity of the NW
through enhancement of phonon-boundary scattering at
rough surfaces and/or interlayers, which can act as impor-
tant phonon scattering interfaces. Control over the surface
morphology (roughness and facets), crystal structure and
crystalline defects in SiNWs can provide a route to the
reduction of thermal conductivity via diffuse reflection
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and backscattering. The Yang and Majumdar [1,3,4]
research groups have used metal-catalyzed vapor–liquid–
solid (VLS) growth and the wet chemical etching process
to show that the thermal properties of thin and rough
SiNWs can be improved 100-fold relative to that of bulk
Si. More recently, Sansoz [10] showed by molecular
dynamics (MD) simulations that the thermal conductivity
is greatly reduced in crystalline h111i SiNWs having
periodic sawtooth faceting compared to those for smooth
SiNWs with the same dimensions, thus providing a strategy
to optimize the design and performance of SiNWs as TE
elements.

To date, several research groups have documented facet-
ing on SiNW sidewalls in the VLS growth process.
Recently, Hannon et al. [13] observed nanoscale faceting
in SiNWs during Au-catalyzed VLS growth in ultra-high
vacuum, and reported that facets on the SiNW sidewalls
were created by the interplay of Au diffusion from Au–Si
droplets and a subsequent vapor–solid (VS) process with
increasing growth time. den Hertog et al. [14] also reported
that diffusion of Au in SiNWs could be controlled by silane
partial pressure and growth temperature. More recently,
Oehler et al. [15] found that the presence of Au on SiNW
sidewalls has a critical effect on its morphology because
Au diffusion along the sidewalls causes surface reconstruc-
tion, which in turn leads to faceting.

However, there have been no systematic studies on the
formation, and the resulting phonon transport characteris-
tics, of h1 11i-oriented stacking faults on/in {11 1}/{100}
SiNW sidewalls facets. In order to enhance phonon scatter-
ing in SiNWs, we report in this study a strategy to control
the surface morphology and crystal structure of SiNWs by
Au-induced VLS–VS growth at a low silane partial pres-
sure. We have observed that surface-reconstructed SiNWs
(SR-SiNWs) have not only a rough surface morphology
on the sidewalls with {11 1}/{100} faceting, but also stack-
ing faults inside the SiNWs. Moreover, to further elucidate
the effects of roughness- and stacking-fault-induced pho-
non-boundary scattering on coherent phonon transport
characteristics in SR-SiNWs, we present systematic experi-
mental studies in terms of roughness, facets and stacking
faults using a conventional thermal bridge method over a
temperature range of 25–300 K.

2. Experimental

2.1. Synthesis and characterization of SR-SiNWs

The SiNWs were synthesized by an Au-catalyzed hot-
wall chemical vapor deposition (CVD) growth mechanism
in a quartz-tube thermal furnace with SiH4 (3% diluted in
Ar) as a Si source at a base pressure of 2 � 10�2 torr. Prior
to Au-catalyst deposition, a Si wafer was cleaned by buf-
fered hydrofluoric acid (BHF). Au catalyst (�2 nm in
thickness) was deposited by e-beam evaporation onto the
Si wafer. Then, the Au-coated Si substrates, which have
been singulated into 0.7 cm � 0.7 cm dies, were placed into

a quartz-tube furnace. The growth experiments were car-
ried out at a pressure of �3 torr (partial silane pressure
of �8.2 � 10�3 torr), a temperature of 550 �C and a SiH4

flow rate of 3 sccm. The detailed experimental steps are
described in our published reports [16,17]. The dimensions,
surface morphology, crystal structures and composition of
as-synthesized SiNWs were characterized using high
resolution scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM) and scanning transmis-
sion electron microscopy (STEM) with energy dispersive
X-ray (EDX) analysis. The cross-sectional and longitudi-
nal-sectional specimens for the TEM analysis were pre-
pared using standard procedures in a dual beam focused
ion beam (FIB) machine (see details in Fig. S.1 in Supple-
mentary material).

2.2. Microdevice chip, NW manipulation and measurement

setup for thermal property measurements

To measure the thermal properties of SiNWs, we used a
suspended microdevice chip fabricated by a standard
microelectromechanical systems (MEMS) process, as
shown in Fig. 1. The fabricated microdevice chip has heat-
ing and sensing regions, which were formed by platinum
(Pt) coils on silicon nitride (SiNx) membranes. The local
temperature of each membrane can be estimated by mea-
suring the temperature-dependent resistance of the Pt coil.
For the placing of a single SiNW between two suspended
membranes, a micromanipulator with a tungsten tip was
used under an optical microscope. First, as-synthesized
SiNWs were rubbed onto a TEM grid, and the tungsten
tip was moved near a desired single SiNW on the TEM
grid. As a result, the SiNW was naturally attached to the
end of the tungsten tip by electrostatic force. Thereafter,
we could easily place the SiNW onto the suspended mic-
rodevice chip. Additionally, Pt/C composite was also
deposited using an e-beam induced deposition (EBID) on
the contact regions to reduce the contact thermal resistance
between the SiNW and metal electrodes, as shown in Figs. 1
and S.2. The detailed system set-up and procedure for
measuring the thermal conductivity of SiNWs are well
documented in the literature [1–3,18]. Fig. 2a and b shows
the schematic measurement setup of the suspended SiNW

Fig. 1. Microchip for thermal conductance measurement. (a) SEM image
of SR-SiNWs placed onto a microdevice chip with Pt/C composite
thermal contact by EBID in FIB. (b) Enlarged SEM image of SR-SiNW
with rough and tapered surface morphology.
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