
Crystalline Silicon Nanotubes and Their
Connections with Gold Nanowires in
Both Linear and Branched Topologies
Bensong Chen, Guowen Meng,* Qiaoling Xu, Xiaoguang Zhu, Mingguang Kong, Zhaoqin Chu,
Fangming Han, and Zhuo Zhang

Key Laboratory of Materials Physics, and Anhui Key Laboratory of Nanomaterials and Nanostructures, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei,
Anhui 230031, P. R. China

S
ince the discovery of carbon nano-
tube (CNT),1 considerable attention
has been attracted owing to its fasci-

nating molecular structures with attractive
electronic,2 thermal,3 chemical,4 and me-
chanical5 properties. Many routes have
been exploited for the synthesis of CNTs,6

and in the mean time CNT-based hetero-
architectures have been constructed as
building blocks of various nanoscale de-
vices, including two-segment heterostruc-
tures of semiconductor nanowire (NW) and
CNT,7�9 semiconductor nanotube (NT) and
CNT,10 metal NW and CNT,11 and three-
segment heterostructures of CNT, metal
NW, and CNT.12,13 Silicon, being in the same
group in the periodic table as carbon, plays
a key role in modern semiconductor indus-
try and device fabrication. Theoretical stud-
ies predict that stable silicon NTs (SiNTs)
would exhibit semiconducting features14

and may have potential applications in
magnetics,15 photoelectronics,16 electronic
transport,17 and hydrogen storage.18 How-
ever, unlike metal nanocluster-catalyzed
vapor�liquid�solid (VLS) growth of CNTs,19

little has been reported on the growth of
SiNTs via the VLS approach owing to the
favorable formation of sp3 hybridization of
silicon, leading to Si NWs rather than
SiNTs.20 Therefore, progress remains rela-
tively slow in the synthesis of SiNTs. Up to
now, various approaches have been tried
for SiNTs.21�26 Among them, porous anodic
aluminum oxide (AAO) template-assisted
routes are most studied. First, Au nano-
clusters were decorated on the inner pore
walls of the porous AAO template for cata-
lytic growth of SiNTs.22 However, the result-
ant products were a mixture of SiNTs and
SiNWs rather than pure SiNTs as the base of
some pores is closed with Au film, leading

to VLS growth of SiNWs. In addition, some
of the predecorated Au clusters on the pore
walls were embedded in the SiNTs, result-
ing in the contamination of the SiNTs. Then,
molecular beam epitaxy on a porous AAO
template was used to synthesize SiNTs with-
out using catalysts;23 however, the SiNTs
grew from the pore edge on top of the AAO
template rather than inside the pores,
therefore the SiNTs were very short. After-
ward, AAO-assisted multistep replication in
a chemical vapor deposition (CVD) process
was used to synthesize SiNTs;24 however,
the fabrication process is very complicated
as an AAO template consisting of annular
nanochannels with NiO NW cores has to be
achieved first, and then Ni atoms on the NiO
NW core surface catalyze the decomposi-
tion of silane to form SiNTs under the annu-
lar nanochannel geometrical confinement.
Subsequently, SiNTs would be achieved
after removing the AAO template and the
inner NiO NW cores. However, there remain
residual NiO NW cores inside the SiNTs,
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ABSTRACT Silicon, being in the same group in the periodic table as carbon, plays a key role in modern

semiconductor industry. However, unlike carbon nanotube (NT), progress remains relatively slow in silicon NT

(SiNT) and SiNT-based heteroarchitectures, which would be the fundamental building blocks of various nanoscale

circuits, devices, and systems. Here, we report the synthesis of linear and branched crystalline SiNTs via porous

anodic aluminum oxide (AAO) self-catalyzed growth and postannealing, and the connection of crystalline SiNTs

and gold nanowires (AuNWs) via a combinatorial process of electrodepositing AuNWs with predesired length and

location in the channels of the AAO template and subsequent AAO self-catalyzed and postannealing growth of

SiNTs in the remaining empty channels adjacent to the AuNWs. Using the approach, a large variety of two-segment

AuNW/SiNT and three-segment SiNT/AuNW/SiNT heteronanostructures with both linear and branched topologies

have been achieved, paving the way for the rational design and fabrication of SiNT-based nanocircuits,

nanodevices, and multifunctional nanosystems in the future.

KEYWORDS: silicon nanotubes · gold nanowires · interconnected heterostructures ·
linear and branched topologies
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also leading to the contamination of the SiNTs. There-
fore, exploiting an easy and controllable synthetic ap-
proach to crystalline SiNTs without any contamination
is a great challenge. Furthermore, nothing is reported
on the connections of SiNTs and NWs, which are ulti-
mately central to the rational design of building blocks
for SiNT-based nanodevices and nanosystems. Up to
now, several localized joining methods, such as laser
heating27 and nanowelding28

techniques, have been used
for assembling individual
nano-objects into complex
nanostructures. However,
these methods are costly,
time-consuming, and only
one nanojunction could be
constructed each time.
Herein, using a similar syn-
thetic approach to that of
AAO template-assisted
growth of CNTs without us-
ing any catalysts,29 we report
the synthesis of straight and
branched polycrystalline
SiNTs without contamination
via porous AAO template self-
catalyzed growth and postan-
nealing. The process contin-
ues with the connecting of
the straight and branched
SiNTs with Au NWs via se-
quential electrochemical de-
positing (ECD) of AuNWs with
predesired length and loca-
tion in the nanochannels of
the AAO template and the
AAO self-catalyzed and post-

annealing growth of SiNTs in the remaining channels
adjacent to the AuNWs. Using the approach, a wide va-
riety of two-segment AuNW/SiNT and three-segment
SiNT/AuNW/SiNT heteronanostructures with both lin-
ear and branched topologies, as shown schematically
in Figure 1, has been achieved, which might have prom-
ising potential as fundamental building blocks for SiNT-
based nanocircuits, nanodevices, and nanosystems.

RESULTS AND DISCUSSION
First, we tried to grow SiNTs inside bare native

nanochannels of AAO templates using a CVD process
much similar to that of AAO self-catalyzed growth of
CNTs without any catalysts.29 Herein, silane (SiH4) rather
than acetylene (C2H2) was used as precursor and heated
at 500 °C for pyrolysis to obtain the Si species. In the
CVD process, we used two kinds of porous AAO as tem-
plates: one with straight channels and the other with
branched (e.g., Y-shaped) channels, respectively. As ex-
pected, transmission electron microscopy (TEM) obser-
vations (Figure 2 panels A and B) reveal that tube-like
nanostructures with straight and Y-shaped morpholo-
gies were achieved accordingly after the AAO templates
removal. For the straight SiNTs, the outer diameter is
about 70�80 nm, while for the Y-shaped SiNTs the
outer diameters of the stem and the branched seg-
ments are about 80 and 45 nm, respectively, indicating
that the resultant tube-like Si nanostructures replicate

Figure 1. Schematics showing a catalogue of two-segment AuNW/
SiNT and three-segment SiNT/AuNW/SiNT interconnected heterostruc-
tures with both linear and branched topologies. The left column pre-
sents the building blocks, where SiNT and Y-SiNT stand for straight and
Y-shaped SiNT (hollow in shape and dark in color), and AuNW and
Y-AuNW stand for straight and Y-shaped AuNW (solid in shape and yel-
low in color), respectively. The ordinal number designates each of the
architectures. The nine types of architectures are categorized accord-
ing to the number of hybrid segments in the axial direction and the to-
pology: two-segment AuNW/SiNT heterostructures with linear (the
1st one) and Y-shaped (from the 2nd to the 5th ones) topologies, and
three-segment SiNT/AuNW/SiNT heterostructures with linear (the 6th
one) and Y-shaped (from the 7th to 9th ones) topologies.

Figure 2. TEM images of (A) straight and (B) Y-shaped SiNTs achieved inside the AAO
templates with corresponding shaped channels, respectively. (C) Enlarged TEM image
of a straight pristine SiNT; inset is its corresponding SAED pattern. (D) Schematics of the
amorphous SiNTs formation in both straight (top) and Y-shaped (bottom) nanochan-
nels. (E) XRD pattern of the postannealed SiNTs. (F) Enlarged TEM image of a single post-
annealed SiNT, inset is the corresponding SEAD pattern. (G) HRTEM image of wall re-
gion (taken from the dotted-line rectangle area in panel F) of the postannealed SiNT.
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the geometrical morphology and the size
of the native nanochannels of the AAO
templates. TEM image of a single straight
SiNT (Figure 2C) shows that the wall thick-
ness of the SiNT is about 15�20 nm, and a
selected area electron diffraction (SAED)
pattern taken on the SiNT (inset in Figure
2C) displays typical noncrystalline diffrac-
tion rings, demonstrating that the SiNTs
achieved via porous AAO self-catalyzed
growth are amorphous. The growth mech-
anism of the amorphous SiNTs inside the
AAO templates with straight and Y-shaped
nanochannels is schematically shown in
Figure 2D. We assume that the inner pore
walls of the porous AAO templates have
uniform catalytic action in the CVD pro-
cess, thus when gaseous SiH4 precursor
flows into the native channels of the AAO
template, SiH4 pyrolysis occurs to form Si
clusters that spread over the pore wall sur-
faces. The upcoming Si clusters from the
continuous decomposition of SiH4 will ran-
domly accumulate on the internal pore
walls, leading to the formation of tube-
like amorphous Si nanostructures under
the geometrical confinement of the native
nanochannels inside the AAO templates.

We then tried to enhance the crystallinity of the
AAO self-catalyzed-grown amorphous SiNTs via postan-
nealing at 750 °C for 2 h in Ar/H2 atmosphere. Typical
X-ray diffraction (XRD) pattern of the postannealed
SiNTs (Figure 2E) shows diffraction peaks indexed to
diamond-like cubic silicon with a lattice constant of a
� 0.54 nm, being consistent with the standard value of
cubic silicon (JCPDS file 27-1402: a � 0.5430 nm). En-
larged TEM image of a single postannealed SiNT (Fig-
ure 2F) demonstrates that the tubular structure of the
SiNT is maintained after annealing. The SAED pattern of
the postannealed SiNT (inset in Figure 2F) displays the
sharp polycrystalline diffraction rings with spotlike fea-
tures, referring to (111), (220), and (311) planes of cubic
phase Si. Lattice-resolved TEM image of the tube wall
of the postannealed SiNT (Figure 2G) clearly shows vis-
ible lattice fringes of (111) planes of Si, further confirm-
ing the transformation of the SiNT from amorphous to
polycrystalline nature after being postannealed. As not
any catalyst is introduced in the process, highly poly-
crystalline SiNTs without contamination have been
achieved in the native nanochannels of the AAO tem-
plate by AAO self-catalyzed growth and postannealing.
It should be noted that the crystalline quality of the
SiNTs could be further improved by using a higher post-
annealing temperature, and the electronic properties
of the SiNTs could be tailored by p-type or n-type dop-
ing via mixing gaseous borane or phosphine in the CVD
process.

Connecting SiNTs with NWs to construct SiNT-based

hybrid nanoheterostructures is crucial to the design of

building blocks for nanocircuits, nanodevices, and

nanosystems. Gold (with excellent conductivity and sta-

bility in the oxidizing environment) is widely used in

microelectronic devices, and AuNWs can be achieved

in the nanochannels of the AAO template via elec-

trodeposition.30 Here, we tried to connect AuNW and

straight SiNT to achieve two-segment AuNW/SiNT and

three-segment SiNT/AuNW/SiNT heterostructures with

linear topology.

For two-segment AuNW/SiNT heteroarchitectures

(the first architecture in Figure 1), a combinatorial pro-

cess was applied as shown in Figure 3A schematically.

First, a AuNWs segment is electrodeposited inside half

channels of the straight-channel AAO template coated

with a thin silver (Ag) film as an electrode for the ECD,

and then AAO self-catalyzed and postannealing growth

of the polycrystalline SiNT segment is applied in the re-

maining empty channels adjacent to the AuNWs. Side-

view scanning electron microscopy (SEM) image of a

bundle of the AuNW/SiNT heterostructures (Figure 3B)

after the template removal shows one sharp interface

(marked with white arrow) between the dark contrast

SiNTs segment (see energy-dispersive X-ray spectro-

scopy (EDS) analysis in Supporting Information, Figure

S1A) and the light contrast AuNWs segment (see Figure

S1B). A close-up SEM view of the interfaces between

AuNWs and SiNTs (Figure 3C) clearly displays that the

Figure 3. AuNW/SiNT heterostructures in linear topology. (A) Schematic fabrica-
tion procedure; (B) side-view SEM image of a bundle of the AuNW/SiNT hetero-
structures after template removal; (C) close-up SEM image of the AuNW/SiNT
junction area (marked with white arrow in panel B); (D) TEM and (E) HRTEM (taken
from the dotted-line rectangle area in panel D) images of the AuNW/SiNT junc-
tion. The inset in panel D is the SAED pattern from the dotted-line rectangle area
in panel D.
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AuNWs and SiNTs are well connected. Enlarged TEM im-
age of a typical AuNW/SiNT junction (Figure 3D) shows
that the AuNW is closely capped with the SiNT, confirm-
ing that good adherence between SiNT and AuNW has
been achieved. The SAED pattern taken on the junction
part (inset in Figure 3D) displays obvious diffraction
rings for the SiNT segment and diffraction spots for the
AuNW, respectively, revealing the polycrystalline na-
ture of the SiNT segment and the single-crystalline na-
ture of the AuNW segment. A lattice-resolved TEM im-
age taken on the AuNW/SiNT junction area (Figure 3E)
shows lattice-fringes of the SiNT segment with a lattice
space of about 0.31 nm which corresponds to the (111)
planes of Si, further confirming the polycrystalline na-
ture of the SiNT. It is noticed that the AuNW/SiNT junc-
tion interface (Figure 3E) is not quite abrupt, which
could be ascribed to the interdiffusion and reconstruc-
tion of Au and Si atoms at the Au/Si interface during
postannealing. The XRD spectrum of the resultant
AuNW/SiNT heterostructures (see Supporting Informa-
tion Figure S2) reveals that all of the sharp peaks can be
indexed to diamond-like cubic silicon (JCPDS file 27-
1402) and face-centered cubic Au (JCPDS file 04-0784).
Taken together, polycrystalline SiNTs have been longi-
tudinally connected with single crystalline AuNWs to
form two-segment AuNW/SiNT heterostructures in lin-
ear topology.

For three-segment SiNT/AuNW/SiNT heterostruc-
tures (the sixth architecture in Figure 1), a combinato-
rial process was applied as shown schematically in Fig-
ure 4A. A segment of sacrificial metallic NWs (e.g., cobalt
NWs, CoNWs) and desired AuNWs are sequentially elec-

trodeposited into the bottom half channels of
the AAO template, then selective wet chemical
etching of the Ag electrode and the sacrificial
CoNWs is carried out to force the AuNWs to
embed in the middle of the channels leaving
the two ends empty. Finally, the AAO self-
catalyzed and postannealing growth of SiNTs
on both ends of the AuNW segments in the
empty channels leads to linear three-segment
SiNT/AuNW/SiNT heterostructures. SEM obser-
vation on a bundle of the resultant products
shows the overall morphology of the linear
three-segment SiNT/AuNW/SiNT heterostruc-
tures (Figure 4B), and the enlarged images
(Figure 4 panels C and D) reveal that the inter-
faces between SiNT and AuNW are well ad-
hered. TEM images (Figure 4 panels E and F)
of a typical AuNW/SiNT junction area further
demonstrate that SiNT and AuNW are well
connected. The SAED patterns taken on the
SiNT (the inset in Figure 4E) and AuNW (the in-
set in Figure 4F) segments demonstrate the
polycrystalline nature of SiNT and single-
crystalline nature of AuNW, respectively.

If AAO with branched channels is used as
a template, AuNW and SiNT can also be con-

nected to form AuNW/SiNT and SiNT/AuNW/SiNT
heterostructures with branched topology, which will
open up the opportunities for constructing three-
dimensionally interconnected complex nanocircuits.
For simplicity, we will demonstrate Y-branched topol-
ogy in the following, while one can easily extend the ap-
proach for multiple branched topologies.31

For AuNW/SiNT heterostructures with Y-branched
topology, four types of connections (from the second
to the fifth architectures) can be achieved as shown
schematically in Figure 1. We will detail the case for
AuNW/Y-SiNT heterostructures (the second architec-
ture in Figure 1) where a straight AuNW longitudinally
connects with the stem end of a Y-shaped SiNT (Y-SiNT).
Figure 5A schematically shows the fabrication process
of the AuNW/Y-SiNT heterostructures. First, a short
straight segment of AuNWs is electrodeposited into
the bottom part of the stem channels of the Y-shaped-
channel AAO (Y-AAO) template with a silver layer
coated on the planar surface of the stem-channel side.
Then, AAO self-catalyzed and postannealing growth of
SiNTs is carried out inside the remaining empty
Y-shaped channels adjacent to the AuNWs to form the
Y-SiNT segment. The side-view SEM image of a bundle
of the AuNW/Y-SiNT heterostructures after the template
removal (Figure 5B) shows a sharp interface (located
on the upper part and marked with white arrow) be-
tween the light contrast AuNW segments and the dark
contrast SiNT segments, and another interface (located
on the lower part and marked with red arrow) where
the Y-branchings of SiNTs take place. The enlarged SEM

Figure 4. Three-segment SiNT/AuNW/SiNT heterostructures in linear topology:
(A) schematic fabrication procedure; (B) side-view SEM image of a bundle of the
SiNT/AuNW/SiNT heterostructures after template removal; (C, D) close-up SEM
images of the (C) SiNT/AuNW and (D) AuNW/SiNT junction area (located on the
upper and lower parts and marked with white arrows in panel B, respectively);
(E, F) TEM images of typical (E) SiNT/AuNW and (F) AuNW/SiNT junctions of the
heterostructure. The insets in panels E and F are SAED patterns from the AuNW
and SiNT segments. respectively, taken on the dotted-line rectangle areas.
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image of AuNW/SiNT junction region (Figure 5C) re-

veals that longitudinally connected AuNWs and SiNTs

in the stems have the same diameter. A close-up SEM

view of the Y-branching interface (Figure 5D) verifies

the Y-shaped morphology of the SiNTs. TEM image (Fig-

ure 5E) of a typical AuNW/SiNT junction further con-

firms that the AuNW and SiNT are well connected. TEM

image taken on the Y-junction area of the Y-SiNT (Fig-

ure 5F) shows that the stem and the branches of the

Y-SiNT have diameters of about 80 and 45 nm, respec-

tively, in agreement with those of the Y-shaped chan-

nels inside the AAO templates. Taken together, well-

interconnected AuNW/Y-SiNT heterostructures have

been achieved. If the electrodeposition process lasts

longer, the AuNWs will go beyond the Y-junction to

form Y-shaped AuNWs (Y-AuNWs) and still leave some

channels near the end of branched side empty. After

AAO self-catalyzed and postannealing growth of SiNTs

in the remaining empty channels, Y-AuNW/2SiNTs

heterostructures (the third architecture in Figure 1, i.e.,

one Y-shaped AuNW longitudinally connects with two

straight parallel SiNTs in the ends of two branches of

the Y construct) would be achieved (see Supporting In-

formation Figure S3).

On the contrary, if the electrodeposition of AuNWs

is carried out from the planar surface of the branched-

channel side of the Y-AAO template, straight AuNWs

and Y-shaped AuNWs can be grown in part sections of

the Y-shaped channels, and subsequently filling the re-

mainder of the empty nanochannels with SiNTs will re-

sult in Y-SiNT/2AuNWs heterostructures (the fourth ar-

chitecture in Figure 1, one Y-shaped
SiNT longitudinally connects with
two parallel AuNWs in the two
branches of the Y construct, see Sup-
porting Information Figure S4) and
SiNT/Y-AuNW heterostructures (the
fifth architecture in Figure 1, one
SiNT longitudinally connects with
the stem end of a Y-shaped AuNW,
see Supporting Information Figure
S5), respectively.

Following the rationale of con-
necting three-segment SiNT/AuNW/
SiNT heteroarchitectures in linear
channels of an AAO template, three
types of three-segment SiNT/AuNW/
SiNT connections with Y-branched
topology could be achieved (see the
seventh to the ninth architectures in
Figure 1). We will take the seventh
architecture (SiNT/Y-AuNW/2SiNTs
heterostructures, i.e., one SiNT longi-
tudinally connects with the stem end
of a Y-shaped AuNW, and sequen-
tially connects with another two par-
allel SiNTs in the branches of the

Y-shaped AuNWs) as an example. The fabrication pro-
cess is shown schematically in Figure 6A. First, a short
straight sacrificial segment of CoNWs and predesigned
Y-shaped AuNWs are sequentially electrodeposited be-
yond the Y-junction region of the Y-AAO template, still
leaving a portion of branched channels near the tem-
plate planar surface empty. Then selective wet chemi-
cal etching of the Ag layer and the sacrificial CoNWs
segment forces the Y-AuNWs to be located at the
Y-junction region of the channels with both end chan-
nel sections empty. Subsequent filling of the remaining
empty nanochannels on both ends of the Y-AuNWs
with polycrystalline SiNTs results in SiNT/Y-AuNW/
2SiNTs heterostructures. A side-view SEM image (Fig-
ure 6B) displays the overall morphology of the SiNT/Y-
AuNW/2SiNTs heterostructures after template removal.
EDS analyses on each segment of the SiNT/Y-AuNW/
2SiNTs heterostructures (see Supporting Information
Figure S6) reveal that the main compositions of the
three segments are Si, Au, and Si, respectively. Enlarged
SEM images of the AuNW/SiNT interface (Figure 6C)
and Y-branchings of the Y-AuNWs (Figure 6D) verify
that SiNTs and the stem of Y-AuNWs are well adhered.
TEM image of a typical AuNW/SiNT junction (Figure 6E)
clearly shows the good adherence between AuNW and
SiNT. The Y-shaped topology of AuNWs segment can
be verified in the TEM image taken on the Y-junction
area (Figure 6F).

By electrodepositing the AuNWs in the middle of
either stem channels or branched channels, hetero-
structures of SiNT/AuNW/Y-SiNT (the eighth architec-

Figure 5. AuNW/Y-SiNT heterostructures with Y-shaped topology. (A) Schematic
fabrication procedure; (B) side-view SEM image of a bundle of the AuNW/Y-SiNT
heterostructures after template removal; (C, D) close-up SEM images of the cor-
responding (C) AuNW/SiNT junction area and (D) Y-branchings of Y-SiNTs
(marked with white and red arrows in panel B, respectively). The Y-junction in
panel D is contoured in a white dotted line for clarity. (E, F) TEM images of the
typical (E) AuNW/SiNT junction and (F) Y-SiNT of the heterostructure.
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ture in Figure 1, i.e., one SiNT longitudinally connects
with an AuNW of the same diameter, and sequentially
connects with the stem end of a Y-shaped SiNT) or
Y-SiNT/2AuNWs/2SiNTs (the ninth architecture in Fig-
ure 1, i.e., one Y-shaped SiNT longitudinally connects
with two parallel AuNWs in the branches of Y-construct,
and sequentially connects with another two parallel
SiNTs with the same diameter in the branches again)
could be achieved. For example, SiNT/AuNW/Y-SiNT
connections have been achieved (see Supporting Infor-
mation Figure S7).

The Y-shaped topologies of the heterostructures
can also be extended to multiple branches if AAO with
multiple branched channels31 is used as templates in
our fabrication process. For example, by using an AAO
template with three-branched nanochannels, three-
branched-SiNT/3AuNWs architectures (i.e., one three-
branched SiNT longitudinally connects with three
AuNWs in the ends of their three branches) have been
achieved (see Supporting Information Figure S8).

The as-fabricated two-segment AuNW/SiNT and
three-segment SiNT/AuNW/SiNT heterostructures with

both linear and branched topologies enable
the connection of crystalline SiNTs with single
crystalline AuNWs for constructing SiNT-based
prototype nanocircuits with distinct morphol-
ogies and well-connected nanoscale contact.
Especially, the Y- and multibranched hetero-
structures can be used as functional prototype
nanocircuits with a one-input structure yield-
ing corresponding two-output and multiout-
put complex structures, respectively, providing
the opportunities for design of nanoscale logic
gates32 and electronic rectifiers33 by using the
branched units. Compared with the localized
joining methods reported previously for as-
sembling individual nanoscale objects into
complex nanostructures and nanocircuits,27,28

our approach for the synthesis of AuNW/SiNT
heterostructures provides an effective, low-
cost, and easy way to control the morphology
and the assembling mode of the nanostruc-
tures, paving the way for the design of SiNT-
based prototype nanocircuits with potential
applications in functional nanodevices.

CONCLUSIONS
We have demonstrated the synthesis of polycrystal-

line SiNTs with both linear and branched topologies
via porous AAO self-catalyzed and postannealing
growth. We have also shown the connection of the
polycrystalline SiNTs with single crystalline AuNWs via
a combinatorial process of electrodepositing sacrificial
CoNWs and the desired AuNWs in predesigned portions
of the nanochannels of the porous AAO template,
which then underwent selective wet chemical etching
of the sacrificial NW segment near the planar surface of
the template and AAO self-catalyzed and postanneal-
ing growth of crystalline SiNTs in the remaining empty
channels on the ends of AuNWs. Using this approach, a
wealth of two-segment AuNWs/SiNT and three-
segment SiNT/AuNW/SiNT connections with both lin-
ear and branched topologies were achieved. These
SiNT-based two-segment and three-segment hetero-
nanostructures with both linear and branched topolo-
gies will pave the way for the design and fabrication of
spatially interconnected SiNT-based nanocircuits,
nanodevices, and multifunctional nanosystems.

METHODS
AAO Template Preparation. The AAO templates with straight

nanochannels were synthesized by a two-step anodizing pro-
cess reported elsewhere34 (anodized at 50 V in oxalic acid at
10 °C, the pore diameter is about 70�80 nm). Y-AAO templates
were obtained in 0.3 M oxalic acid under anodized voltages of 50
V for stems and 35 V for branches at 10 °C.31 AAO templates
with three-branched-channels were achieved in 0.3 M oxalic
acid under anodized voltages of 60 V for stems and 34.6 V for
branches at 3 °C, respectively.31

Electrochemical Deposition of Au and Co NWs. The electrodeposition
of CoNWs35 and AuNWs30 was performed under a constant cur-
rent density of 1.0 mA cm�2 and 10 �A cm�2 at room tempera-
ture, respectively.

Selective Wet Chemical Etching of the Ag Layer and the Sacrificial CoNWs.
The sputtered Ag film and sacrificial CoNWs were selectively
etched by using concentrated nitric acid.

AAO Self-Catalyzed and Postannealing Growth of Crystalline SiNT
Segments. The growth of SiNTs in remaining empty nano-
channels of AAO templates was carried out in a horizontal quartz

Figure 6. SiNT/Y-AuNW/2SiNTs heterostructures with Y-shaped topology:
(A) schematic fabrication procedure; (B) side-view SEM image of a bundle of the
SiNT/Y-AuNw/2SiNTs heterostructures after template removal; (C, D) close-up
SEM images of (C) AuNW/SiNT junction area and (D) Y-branchings of Y-AuNWs
(marked with white and red arrows in panel B, respectively). The Y-junction in
panel D is contoured in the white dotted line for clarity. (E, F) TEM images of the
typical (E) AuNW/SiNT junction and (F) Y-AuNW of the heterostructure.
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tube furnace under atmospheric pressure. Preliminarily, the as-
prepared AAO template embedded with AuNWs was placed in a
ceramic boat in the center of quartz tube, and then the system
was purged by high purity N2 flow for 3 h. Afterward, a constant
mixture gas flow of N2 (100 sccm) and H2 (15 sccm) was intro-
duced and maintained during both heating and cooling stages.
The temperature of the tube furnace was raised to a peak tem-
perature of 500 °C at a rate of 10 °C/min and then pure silane was
injected into the furnace and maintained for 2.5 h at a flow rate
of 3.5 sccm. After the growth of the SiNTs, in situ annealing was
performed at 750 °C for 2 h in a mixed gas flow of Ar (85 sccm)
and H2 (15 sccm).

Structural Characterizations. The as-prepared samples were care-
fully polished with sandpaper to remove the additional depos-
its on the planar surfaces of the AAO template, then immersed
in concentrated HCl solution at 85 °C for 5 h to remove the AAO
templates, and finally cleaned with deionized water thoroughly.
The resultant heterostructures were dispersed in anhydrous eth-
anol and characterized by using X-ray diffraction (XRD, Philips,
X’Pert Pro MPD, with Cu K� irradiation), scanning electron
microscopy (SEM, Sirion 200, FEI, at 5 kV) with energy-dispersive
X-ray spectroscopy (EDS OXFORD), transmission electron micro-
scopy, and high-resolution TEM (HRTEM, JEOL2010 at 200 kV).
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