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Accepted 17 February 2012

on the nanowires/nanotubes and the subsequent removal of the core material by direct
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heating or Joule heating. We call this process ‘‘investment casting’’ of CTSs. The length
of the fabricated CTSs varies from sub-micron to tens of microns, while the diameter
and wall-thickness may vary from less than ten nanometers to over a hundred nanometers
and few nanometers to tens of nanometers, respectively. These parameters can be controlled by the templates and the carbon deposition. With Te nanotubes as templates, it is
possible to form tube-in-tube hollow CTSs. By designed construction of Ag nanowires, various CTS-based seamless structures can also be obtained. Through thermal annealing or
Joule heating, the amorphous CTSs can be converted to graphitized structures, which show
excellent mechanical performance on nano-manipulation. The technique provides a new
method of constructing carbon-based complex and multifunctional structures.
 2012 Elsevier Ltd. All rights reserved.

1.

Introduction

Carbon tubular structures (CTSs), such as carbon nanotubes
(CNTs) [1], have dramatically shown prospective advantages
in design and fabrication of future micro-/nano-electromechanical systems [2,3], nanofluidic devices [4–6], nanopipettes
[7], nanosensors [8,9] and nanoactuators [10]. Especially in
biomedical and micro-/nano-fluidics, CTSs could provide
much smaller channels with superior mechanical and thermal properties than those fabricated by lithography or nanoimprint method, which benefit the integration of bio-chips
and can highly promote potential applications such as DNA
analysis [11], polymerase chain reaction, drug delivery
[12,13] and capillary electrophoresis [14]. To accomplish these
potential applications, two vital techniques are generally
prerequisite. One is the fabrication of CTSs with desirable
geometry including diameter, length, and wall thickness;

the other is the precise processing of the CTSs through cutting, peeling and especially seamless welding for nanochannels [15–21]. For commercial CNTs, although diverse
approaches, e.g., arc discharge, laser ablation and chemical
vapor deposition can prepare various high-quality multiwall
carbon nanotubes (MWCNTs) [22], there are still great challenges in precisely controlling the growth of CNTs with defined diameter and length as well as separating specific
nanotubes for specified applications. Meanwhile, the lack of
proper techniques to freely manipulate CNTs and implement
post-processing of synthesized CNTs in nanoscale also slows
down the application process in nanofluidics and nanodevices. Therefore, a delicate method with which CTSs can be
fabricated in precise control is still in demand.
Comparing to bottom-up techniques, top-down approaches usually present better compatibility and are easy to
integrate with device fabrication. The template approach
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provides a feasible way to design diverse tubular structures
[23]. Through casting sheath materials on nanowires as cores,
robust nanotubes with uniform inner diameters can be obtained by selective etching of the core nanowires [24–28].
The sheath materials can be formed by several state-of-art
techniques, including epitaxial growth and vapor phase deposition. However, the existed deposition and etching processes
still face problems in precise welding and nanodevice design.
The condition of the etching process is also harsh due to the
selectivity of the removal of core material without destroying
sheath material. Toward all-carbon devices, delicate nanoforming process such as investment casting is required. Particularly, for characterization of structure related electrical
and mechanical properties, fabrication of desirable CTSs for
the design of prototype nanodevice has shown significant
importance. We here present a convenient approach for controllable fabrication of diverse CTSs on demand and CTSbased seamless architectures using well prepared nanowires
as templates. Our fabrication and processing assay can highly
facilitate nanodevice fabrication and characterization.

2.

Experimental

Ag and Te nanowires were purposely selected as templates
since they could be well synthesized with featured structures
[29–31] and extracted away by direct thermal heating or Joule
heating. CTSs were fabricated by electron beam-induced carbon deposition [32] on the template nanowires inside a transmission electron microscope (TEM, Tecnai G20, 200 kV). After
carbon deposition, the nanowire templates were subsequently melted and extracted by heating. Direct thermal
heating of the template nanowires were conducted with GatanTM 628 heating holder (0-1300 C). Manipulation and Joule
heating of the template nanowires were performed on Nanofactory piezo-driven scanning tunneling microscopy-transmission electron microscopy (STM-TEM) work platform.
The Ag/Te nanowires were transferred to a copper gird
(1000 meshes) and then put into the TEM chamber. During
carbon deposition, the electron beam was operated on spot
size 6 and spread to cover the template region of interest.
Generally, the carbon deposition rate was comprehensively

Fig. 1 – (a–e) A typical image sequence of extracting a molten Ag nanowire to form a CTS by heating the copper grid to 560 C.
(f) A snapshot of the intermediate state during extraction of the template Ag nanowire.
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determined by spot size, irradiation area of the electron
beam, vacuum condition of the column and surface condition
of the template (molecular adsorption) [33]. In this experiment, the rate of carbon deposition estimated roughly from
a charge coupled device was 0.4 nm/min for the spread electron beam operated on spot size 6 (the irradiation region
was approximately 200 lm2, column vacuum 1.3 · 10 5 Pa).
For a convergent electron beam operated on spot size 9 (the
irradiation region was approximately 0.03 lm2, column vacuum 1.3 · 10 5 Pa), the rate of carbon deposition was estimated to be 15 nm/min. By using inducement of Joule
heating, the template nanowires were first transferred onto
another 1000-mesh copper grid and then the grid was cut into
small pieces and one piece was attached onto a gold wire
with conductive silver paste as one electrode. The counter-
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electrode was a MWCNT-decorated tungsten tip fixed onto
the piezotube.

3.

Results and discussion

Fig. 1 shows a typical image series of the formation of CTSs by
extracting the molten template Ag nanowires through heating the stage to 560 C (see Supplementary video S1). As indicated by the arrow, the molten Ag continuously flows from
one end to the other due to surface tension. As the melting
point of the Ag nanowires is related to their diameters and
surface conditions [34], an elevated temperature is therefore
needed to melt all the template Ag nanowires. Besides, the
contact conditions between the Ag nanowires and the copper

Fig. 2 – (a) CTSs with diverse lengths and diameters. The lengths and diameters of the CTSs are well controlled by the
template Ag nanowires. (b) A thin-shell CTS with wall-thickness of approximately 2.3 nm. (c) A thick-shell CTS with wallthickness of approximately 6.7 nm. (d) High resolution image of the graphitized carbon shell. The arrows indicate graphite
structures after extraction of the Ag nanowires at higher temperature (700 C).
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gird affect the thermal conduction, thus the molten Ag nanowires usually flow away in sequence. When the molten Ag
has been drained away, a uniform CTS is left behind as shown
in Fig. 1(f). The inner diameter of the CTS retains the size of
the dimension of the template Ag nanowires without any collapse. Therefore, diverse CTSs can be fabricated through different featured Ag nanowire templates. For Te nanowires,
the melting point is much lower and CTSs can be formed by
evaporation of the Te core at approximately 300 C.
Fig. 2(a) shows the CTSs that have been obtained with distinct structural features. Benefiting from the high-quality
template Ag nanowires, the formed CTSs are generally uniform and straight with lengths from several microns to tens
of microns. The diameters of the CTSs vary from tens of
nanometers to more than a hundred nanometers, depending
on the template Ag nanowires being used. The wall-thicknesses of the CTSs can be controlled by carbon deposition
mass. As shown in Fig. 2(b) for a short irradiation period with
a spread electron beam (6 min with spot size 6), the wall
thickness of the formed CTS is around 2.3 nm. With longer
irradiation time (16 min with spot size 6), the wall thickness
significantly increases to 6.7 nm, which is a typical thick
nanotube as shown in Fig. 2(c). Although the deposition
rate of carbon can be roughly calculated, it is still necessary

to monitor the carbon growth to precisely control the
wall-thickness of the CTSs since the process of carbon deposition is complex and affected by several factors [33]. The
structures of the as-deposited nanotubes are generally amorphous. However, extraction of the core template by heating
usually accompanies with thermal annealing of the sheath
material. As shown in Fig. 2(d), the CTS formed with a Ag
nanowire as template is partial graphitized after extraction
of the Ag nanowires, indicating that relative high temperature
could significantly improve the crystalline quality of the
formed CTSs.
Smaller CTSs can be fabricated by using Te nanowires as
templates. Fig. 3(a) and (b) show diverse CTSs fabricated by
evaporation of Te nanowires at 300 C after electron beam-induced carbon deposition. The diameter of the CTSs can scale
down to less than 10 nm with proper templates. The formed
CTSs are completely amorphous since the temperature used
to evaporate the Te templates is rather low. To obtain well
graphitized CTSs, post-processing is necessary, such as thermal annealing and catalyst induced structure reconstruction
[33,35,36]. For tubular Te templates, tube-in-tube CTSs can
also be fabricated as shown in Fig. 3(c). These co-axial hollow
nanotubes might provide ideal reaction channels/cells for
nanoscale mixing and liquid reactions [37,38]. Besides, the

Fig. 3 – Formation of thin CTSs with Te nanowires/nanotubes as templates. The diameters of the fabricated CTSs are around
ten nanometers in (a) and twenty nanometers in (b). (c–d) Fabricated tube-in-tube CTSs with Te nanotubes as templates.
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formation of these tube-in-tube CTSs demonstrates that the
deposited carbon should be generated by decomposition of
the hydrocarbon molecules which can diffuse and migrate inside the Te nanotubules. Fig. 3(d) shows the intermediate
state of the evaporation process of the Te templates. The
newly formed tube-in-tube CTS exactly retains the shape of
the tubular Te template, indicating the high accuracy of the
aforementioned nano-forming process.
CTSs are ideal for constructing nanodevices due to their
highly uniform characteristics and designable geometries.
As for nanoscale capillary reactors or nanofluidic channels,
precise welding with a seamless joint is critical to the device
function and performance. For CNTs, it is still difficult to seal
them in atomic scale without blocking the channels especially for cross connections [17,19–21]. However, CTSs fabricated by the method ‘‘investment casting’’ presented here
using nanowires as templates sheds light on such issues.
Fig. 4 shows some fabricated seamless connections with contacted Ag nanowires as templates schematically presented in
the insets. The Ag nanowires are constructed by STM-TEM
platform and subsequently transferred to the heating holder.
For a head-to-head connection shown in Fig. 4(a), the deposited carbon obviously sealed the joint and formed a continuous nanochannel. The seamless joint should present better
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mechanical properties than post-welded conjunctions because the connection part is formed simultaneously with
the CTSs and show high integrity. For Y-shape and X-shape
connections as shown in Fig. 4(b) and (c) respectively, continuous conduits are formed by removing the template Ag nanowires. Even for a more complex structure as shown in
Fig. 4(d), the template approach is still capable of constructing
multiple nanofluidic channels. Note that the joints usually
have spatial structures rather than planar structures due to
the overlapping of the template Ag nanowires except for
some head-to-head connections. The orifices of the conjunctions are determined by the contact area of the contacted Ag
nanowires.
Joule heating can also be applied to extract the metallic
core nanowires to fabricate CTSs. A large current is usually
needed in order to drain away the Ag nanowires covered by
amorphous carbon shell, due to the superheating effect [39].
Meanwhile, some other effects such as electromigration [40]
and thermalmigration [41] also play important roles on the
formation of CTSs. Fig. 5(a) shows the extraction of Ag under
a large bias. The Joule heat abruptly drains away the Ag nanowire by evaporation or electromigration. As can be seen, Joule
heating is usually much more drastic than direct thermal
heating; therefore the formed CTS is accompanied with some

Fig. 4 – Formation of diverse seamless CTS-based structures: (a) a head-to-head connection, (b) a Y-shape connection, (c) a Xshape connection and (d) complex connections. Some weak points of the thin CTSs are unexpectedly damaged during
extraction of the molten Ag nanowires. The insets show the schematic constructions of the Ag nanowire templates.
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Fig. 5 – (a) An image sequence of extraction of a Ag nanowire by Joule heating under a large bias. The upper electrode is a Ag
nanowire covered by amorphous carbon shell while the lower electrode is a commercial MWCNT adhered on a tungsten tip.
(b) A measured I-V curve of the formed graphitized CTS in (a). (c) Graphene/graphite sheets formed by extraction of a Ag
nanowire covered with thin amorphous carbon sheath under a large bias.

structural damage as shown here the shrinkage in radial
direction of the formed nanotube. However, the large current
could highly improve the crystal quality of the formed CTS
[42]. Fig. 5(b) shows the measured I-V curve of the CTS formed
in Fig. 5(a). The excellent conductivity indicates that the initial amorphous structure (which is almost insulated initially)
should change into graphitized (See Supplementary for details). Besides, if the deposited carbon layer is very thin (e.g.
carbon deposition on spot size 6 only for 5 min with estimated shell thickness of 2 nm), the carbon sheath could no
longer bear the large current and usually graphene/graphite
sheets are obtained instead of CTSs, as shown in Fig. 5(c).
The mechanical property of the formed CTSs is of great
importance to their practical applications. Since the well
graphitized CTSs are expected to have outstanding mechanical strength, we here demonstrate the ability of controllable
pruning and transportation of Te nanowires by the formed
graphitized CTS. Fig. 6(a) shows the video frames of breaking
and manipulation of a Te nanowire (see Supplementary video
S2). When the Te nanowire is held by the CTS, it is feasible to
tailor the Te nanowire by simply moving the tip transversely.
The structure of the CTS is well conserved during the nanomanipulation, demonstrating the good mechanical property
of the fabricated graphitized CTS.
Since carbon deposition is induced by electron beam irradiation, the geometry of the formed CTSs can therefore be
well controlled by precise manipulation of the electron beam.
For a large homogeneous electron beam spot, the CTSs are
highly uniform. When the electron beam is converged to a
small spot, carbon deposition is almost confined inside the
beam region and unique tubular structures can be achieved.

One may doubt about the geometric symmetry and structural
integrity of the formed CTSs since the carbon sheath is electron beam-induced deposited. To identify the spatial structure of the formed CTSs, a Ag nanowire is transferred to a
movable tip fixed onto the STM-TEM platform. Carbon sheath
is deposited with a convergent electron beam to form a pearllike thick carbon shell on the Ag nanowire surface. After
extracting the Ag by Joule heating, the CTS is spatially characterized and confirmed to be well symmetric tubular shape, as
shown in Fig. 6(b) and (c). The CTS exhibits porous structure
due to the large current loaded to melt and extract the template Ag nanowire. Nevertheless, it intuitively shows that
the carbon sheath is deposited isotropically around the nanowire surface and the cross section of the formed carbon shell
structure is obviously symmetric.

4.

Summary

A method for the fabrication of CTSs by electron beam-induced carbon deposition with metal nanowires/nanotubes
as templates has been presented. The formed carbon tubes
show uniform features with designable lengths, diameters
and wall thicknesses. Seamless CTS-based structures have
been fabricated with multi-type joints using well constructed
Ag nanowires as templates. The seamless joints may have
practical applications in nanofluidics and nanodevices. Furthermore, the structural features of the fabricated CTSs have
been investigated and discussed. By thermal annealing or
Joule heating, the CTSs can be well graphitized. The graphitized CTSs show excellent mechanical properties which have
been demonstrated by precise manipulation of a Te nanowire.
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Fig. 6 – (a) An image sequence of breaking and transportation of a Te nanowire by a graphitized CTS. The structure of the CTS
retains well, indicating its excellent mechanical property. The black arrows indicate the moving direction of the CTSdecorated tungsten tip. (b) Part of a very thick CTS fabricated by a long period of carbon deposition with a convergent electron
beam on spot size 9. The CTS is electrically burned out to characterize its spatial structure. (c) The cross-section image of the
CTS.
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