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We report a catalyst-free epitaxial growth of silicon nanowires on polyhedral facets of mother Si
nanoparticles by thermal evaporation process. Single silicon nanowires and octopuslike silicon
nanowires �OSNWs� were synthesized under different temperatures. The OSNWs have several
directions including �112�, �110�, and the unusual directions of �100� and �111�. A catalyst-free
temperature-dependent epitaxial growth model was suggested. Using the Wulff theory and first
principle calculations, these growth directions can be explained by the preferential selection of
temperature-dependent surface energies. It thus revealed an important but simple growth model in
which the growth directions could be delicately controlled through only determining temperature
and substrate orientation. © 2008 American Institute of Physics. �DOI: 10.1063/1.2967875�

Silicon nanowires �Si NWs� have attracted much atten-
tion in the past ten years1,2 for their outstanding physical
properties and the central role of Si integrated circuit tech-
nology. Remarkable progress has been reported for the syn-
thesis of the Si NWs �Refs. 3–5� and applications to electron
devices6–9 such as diodes, logic gates, single electron tran-
sistors, and sensors. The different crystallographic oriented
Si NWs exhibited distinct properties due to the crystal struc-
ture anisotropy.10 Thus, it is important to control the growth
direction for the various applications to the nanodevices.

There are two typical growth mechanisms for Si NWs.
The first one is vapor-liquid-solid �VLS� mechanism,11 and
the second is oxide assistant growth �OAG� mechanism.4 By
VLS method, the growth direction of Si NWs was influenced
by the diameter.12–15 The growth direction is �110� for the
diameter less than 10 nm, while the growth direction is �111�
for the diameter larger than 20 nm. In the OAG process, the
longitude directions are mainly �112� and �110�, there were
scarcely �100� and �111� �Ref. 16� oriented Si NWs.

In this work, two morphologies of Si NWs were synthe-
sized by thermal evaporation. One is the freestanding single
Si nanowires �SSNWs� with highly preferential growth di-
rection of �110� while another is the octopuslike Si nano-
wires �OSNWs�. Surprisingly, the OSNWs can possess un-
usual �100� and �111� growth directions, which have been
very rare for Si NWs synthesized by thermal evaporation.
The surface energy of typical low index faces was calculated
under different temperatures. The change in the growth di-
rection can be explained by the change in the relative surface
energy according to the Wulff theory. A catalyst-free epitax-
ial growth mechanism was suggested to interpret this un-
usual growth of Si NWs.

SiO powder of 0.3 g as thermal evaporation source ma-
terial was placed in the growth chamber firstly, and then the
chamber was closed. Si wafer was used as substrate. After
evacuation of the chamber to a pressure of 10−2 Pa, Ar gas
was introduced into the reaction chamber until the pressure

reached 5.4�103 Pa. The SiO powder was heated to and
maintained at the temperature of 1260 °C for 10 min. After
growth, the silicon substrate surface coated with spongelike
product showed different colors, changing from light yellow
to yellow mixed with pink with temperature increasing.
Microstructure characterization was carried out by field-
emission scanning electron microscopy �SEM� �JEOL
6500F�, transmission electron microscopy �TEM� �JEOL-
2010�, and field-emission TEM �JEOL-2010F�.

The surface energy of different crystallographic planes
was calculated by CASTEP and Discovery module in the
MATERIAL STUDIO® program. The �100�, �110�, and �111�
slice models were built up with about 1.5 nm atom layer and
1.0 nm vacuum layer. To relax these three models and the
bulk silicon crystal, the molecular dynamics �MD� calcula-
tion with NPT �dynamics with a thermostat to maintain a
constant temperature and a barostat to maintain a constant
pressure� ensemble was performed. During the MD calcula-
tion, the pressure condition was set to 0 GPa, the tempera-
tures were set 273, 873, 1173, and 1573 K, respectively, and
the force filed was produced by COMPASS module automati-
cally. The relax time was set to 200 ps with 200 000 steps to
achieve the system balance that the fluctuation of the energy
and the temperature is less than 5%–10%.

The morphology of the as synthesized products was
strongly influenced by the temperature. Large quantities of
SSNWs were observed at low temperature about 900 °C, as
shown in Fig. 1�a�. This kind of NWs is long, straight, and
freestanding. Length of the SSNWs is about tens of microns
and the diameter distributes from 30 to 60 nm. At the high
temperature region around 1200 °C, the OSNWs were
formed. One or more branches share one particle �Fig. 1�b��.
Figure 1�c� provides low magnified TEM image of a SSWN
with core-shell structure. The core is about 40 nm in diam-
eter and the shell is 10 nm in thickness. Selected area elec-
tron diffraction pattern �SAEDP� and high resolution TEM
�HRTEM� results show that the core is crystal Si and the
shell is amorphous SiO2 �Figs. 1�d� and 1�e��. Around 40
SSNWs were characterized, all of them have �110� growth
directions and no other directions were found. Figures
1�f�–1�i� are the typical images of OSNWs, which show one
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“arm,” two arms, three arms, and four arms, respectively.
The energy dispersive spectroscopy �EDS� results respec-
tively taken from the tips and NWs revealed that the tips are
mainly consisted of Si �Fig. 1�j�� and the NWs consisted of
Si and O �Fig. 1�k��, in which oxygen element came from the
outer shell of SiO2.

The growth directions of the OSNWs were analyzed by
HRTEM. Four kinds of growth directions including �100�,
�110�, �112�, and �111� were found, as shown in Figures
2�a�–2�d�. We characterized the growth directions of arms
and showed the statistical data in Fig. 2�e�.

Figure 3�a� is the low magnified TEM image of the
OSNW with four arms. The SAEDPs obtained from five re-
gions indicated in Fig. 3�a� are completely same, which were
inserted in Fig. 3�a�. It is known that the particle and the
NWs are single crystalline Si. The growth directions of NWs
2 and 4 were �100�, and 3 and 5 were �110�. From the
HRTEM images �Fig. 3�b��, it can be clearly revealed that Si
NWs grow epitaxially from the �110� and �100� facets of Si
mother particle. From the microstructure analysis of the
OSNWs, it can be deduced that the growth process can be
divided into two steps. The first step is the growth of the “big
head,” and the second step is the growth of the arms. The big
head acts as the substrate for a subsequent NW’s epitaxial
growth. By preferred exposing low energy facets, the shape
of the big head was suggested to be a polyhedron with the
low miller indices facets by �111�, �110�, and �100�. As
shown in Fig. 3�c�, the polyhedron has twelve �110� facets,
eight �111� facets, and six exposed �100� surfaces. A corre-
sponding atomic model of OSNW with four arms is pro-
posed and shown in Fig. 3�d�. The blue circles surrounding
the particles represent the oxide in Figs. 3�c� and 3�d�.

The above results revealed a temperature-dependent ep-
itaxial growth phenomenon of Si NWs. This can be under-
stood from the change of the surface energy as a function of
temperature. First, we calculated the surface energy of three
typical low miller index faces by MD method. Second, the
change in the growth directions of the Si NWs as a function
of temperature was explained using a simple model.

According to the Wulff law,17 the surface with higher
surface energy has the higher growth velocity. Therefore, the
facets with low surface energy enclose the crystal in order to
keep the total surface energy low. The total surface energy
tends to be minimized. The surface energy decreases with
temperature increasing.18 The surface energies of �110�,
�100�, and �111� faced under different temperatures by MD
method were calculated from 273 to 1573 K. The surface
energy can be defined as

FIG. 1. The morphology and structure of the freestanding single NWs and
the octopuslike NWs. �a� SEM image of the SSNWs; �b� SEM image of the
OSNWs; �c� one SSNW along the �110� direction; �d� the SAED image of
the SSNW; �e� HRTEM image of the white framed region indicated in �c�;
�f�-�i� TEM image of the OSNWs with different numbers of arms; �j� EDS
result taken from the tip of the OSNWs; �k� EDS result taken from the NW
of the OSNWs. The Cu signal was from the Cu supporting grid.

FIG. 2. The different growth directions of the octopuslike NWs. �a�–�d� are
the HRTEM images of the OSNWs with different directions showing the
high quality single crystalline features of the SiNW arms. The NWs growth
directions are indicated by white arrows. �e� is the statistics of the growth
directions of the arms of the OSNWs.

FIG. 3. �Color� The study of the epitaxial growth. �a� The TEM image and
SAED pattern of the octopuslike nanostructure with four arms. �b� The
HRTEM image of the interface of the Si mother particle and the Si NW. �c�
The model of Si particle, �d� derived from �a�, a model of OSNWs.
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�surface
hkl =

��tot
bulk − �tot

hkl�
�2 � Shkl�

,

where �surface
hkl is the surface energy of the �hkl� plane, �tot

bulk is
the total energy of the bulk, �tot

hkl is the total energy of the
divided bulk along the �hkl� plane, and Shkl is the area of the
�hkl� plane.

After MD calculation, the energy of the relaxed struc-
tures of three slice models and the bulk model under the
different temperature were calculated with CASTEP package.
The calculation was conducted using ultrasoft pseudopoten-
tial, and Ecutoff was set to be 150 eV. The k point was se-
lected automatically. The calculation results �Table I� show
that the �100�, �110�, and �111� surface energies of silicon
decreased with increasing temperature. Under 273 K, the
relative surface energy is ��100����110����111�. These results
are consistent to the experimental results by others.19 While
under 1573 K, the relative surface energy is changed as
��100����111����110�.

Having the surface energies under different tempera-
tures, the total surface energies can be estimated. Based on
the Si NWs’ orientations, the total surface energies of the
NWs with �110�, �111�, and �100� growth directions can be
calculated �supporting materials�. The change in total surface
energies of the three kinds of NWs with temperature increas-

ing was shown in Fig. 4. Under low temperature, the total
surface energy of the NWs with �110� growth direction is
lower than the NWs with �111� and �100� growth directions.
This agrees with the experimental results that the growth
direction is �110� under low temperature. While with increas-
ing temperature, the total surface energy decreases. There is
a crossing point around 1120 K between �110�’s and �100�’s.
The total surface energy of the NWs with �110� growth di-
rection becomes higher and the unusual �111� and �100�
growth directions were observed above this crossing tem-
perature. This is in good agreement with the experimental
observations in this study.

In summary, the unusual �111� and �100� directions of
the OSNWs as well as the SSNWs with high preferential
�110� growth direction were obtained without the help of
catalysts. We provide a Si NW diameter independent growth
model by which the accurate Si NWs with all diameters and
desired crystallographic orientations could be expected by
careful control of the epitaxial process with selecting a cor-
rect mother nanosubstrate and temperature.
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TABLE I. The surface energies of �100�, �110�, and �111� at different tem-
peratures.

273 K 873 K 1273 K 1573 K

��100� 0.129 86 0.127 25 0.125 34 0.124 66
��110� 0.128 53 0.122 83 0.114 63 0.099 46
��111� 0.118 03 0.114 29 0.110 94 0.103 74

FIG. 4. The total surface energies of �110� and �111� facets as a function of
temperature calculated by MD.
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