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Abstract—Nanorobotic spot welding using single-crystalline-
copper-filled carbon nanotubes (CNTs) is investigated
experimentally inside a transmission electron microscope
(TEM). Controlled melting and flowing of copper inside
nanotube shells are realized by applying bias voltages between
1.5 V and 2.5 V. The average mass flow rate of the copper was
found to be 120 ag/s according to TEM video imaging (measured
visually at approximately 11.6 nm/s through the CNT).
Successful soldering of a copper-filled CNT onto another CNT
using a nanorobotic manipulator shows promise for nano spot
welding, which can play a role similar to its macro counterpart
for the interconnection of nano building blocks for the assembly
of nanoelectronic circuits and nanoelectromechanical systems
(NEMS).

I. INTRODUCTION

ITH the continuing development of bottom-up

nanotechnology fabrication processes, spot welding
may likewise play an important role in interconnecting
carbon nanotubes (CNTs) [1], nanowires [2], nanobelts [3],
nanohelixes [4, 5], and other nanomaterials and structures for
the assembly of  nanoelectronic  circuits  and
nanoelectromechanical systems (NEMS).

Van der Waals forces [6], electron-beam-induced
deposition (EBID) [7], focused-ion-beam chemical vapor
deposition (FIB-CVD) [8], high-intensity electron-beam
welding [9], and nanomechanochemical bonding [10] are
experimentally demonstrated interconnection strategies,
though all have limitations. Van der Waals forces are
generally very weak, nanomechanochemical bonding [10] are
promising but not yet mature, and the other methods involve
high-energy electron or ion beams, which significantly limits
their applications. Another interconnection approach is to use
CNTs, with their hollow cores and large aspect ratios [11, 12]
as possible conduits for nanoscale amounts of various
materials that can be used to fuse CNTs together. A variety of
materials have been encapsulated by CNTs such as metals
and their compounds [13-18], water [11], and fullerenes [19],
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and applications of devices as templates [20], thermometers
[21], and nano test tubes [22] have been presented. The
possibility to deliver [23] encapsulated materials from the
carbon shells is of great interest because of the potential
applications as atomic sources for nanoprototyping,
nanoassembly, and injection. Recently, novel CNTs filled
with single crystalline Cu-nanoneedles have been synthesized
by a thermal CVD method using alkali modified copper
catalysts [24]. Because copper is a good conductor of heat
and electricity and has a very low binding energy (0.1-0.144
eV/atom) when bound to carbon, encapsulated copper inside
nanotubes is ideal for many of these potential applications.
Here we present an experimental investigation of controlled
melting and flowing of single crystalline copper from CNTs
assisted by nanorobotic manipulation [6], and its application
in spot welding of nanotubes using this copper.

II. SYSTEM SETUP

A. Concept of Nanorobotic Spot Welding

The concept of nanorobotic spot welding is schematically
shown in Fig. 1. A metal-filled carbon nanotube is positioned
with a nanorobotic manipulator to the interconnection site
and the metal is then deposited to solder the nano building
blocks, such as CNTs and nanowires, together, or to weld
them onto electrodes. It can be understood that controlled
metal deposition besides nanometer scale positioning will be
a critical technique.
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Fig. 1. Concept of nanorobotic spot welding.
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B. Cu-filled Carbon Nanotubes

The CNT samples are synthesized using an alkali doped Cu
catalyst by a thermal CVD method [24]. Figure 2a to ¢ show
their structures imaged by field-emission scanning electron
microscopy (FESEM, Sirion, FEI), transmission electron
microscope (TEM, JEM-2010, 200 kV), selected arca
electron diffraction (SAED) and high-resolution TEM
(HRTEM). It can be seen from these observations that the
yield of the Cu-filled CNTs is high. The CNTs are up to 5 pm
long with outer diameters in a range of 40—-80 nm. The single
crystalline Cu nanoneedles are encapsulated in graphite walls
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Fig. 2. (ato c) Copper-filled CNTs. (a) FESEM images of Cu filled CNTs.
Observation shows that all the CNTs have sharp tips filled with metal
nanoneedles. These CNTs are up to 5 um long with outer diameters in a
range of 40-80 nm. (b) TEM image of typical copper-filled CNTs
synthesized for 30 min. (c) HRTEM image reveals that the Cu
nanoneedles are encapsulated in graphite walls approximately 4-6 nm
thick. The inset is the corresponding SAED pattern of the Cu nanoneedle
along the [112] zone axis, showing that the Cu nanoneedle is single
crystalline. The appearance of a pair of arcs in the SAED pattern indicates
some orientation of the (002) planes in the carbon tubes. The interlayer
spacing of carbon nanotube is about 0.34 nm, consistent with the (002)
plane lattice parameter of graphite. It can also be seen that the graphite
layers are not parallel to the tube axis. (d) Schematic setup of the probe of
a nanorobotic manipulation system in a TEM, ST1000 STM-TEM holder
(Nanofactory Instruments AB).
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approximately 4 to 6 nm thick in the first sections of the
bamboo-structured CNTs. The graphite layers are not parallel
to the tube axis.

C. Nanorobotic Manipulators

Our experiments were performed in a CM30 TEM
equipped with a scanning tunneling microscope (STM) built
in a TEM holder (Nanofactory Instruments AB, ST-1000)
serving as a manipulator as schematically shown in Fig. 2d.
The material consisting of a CNT bundle is attached to a 0.35
mm thick Au wire using silver paint, and the wire is held in
the specimen holder. The probe is an etched 10 um thick
tungsten wire with a tip radius of approximately 100 nm
(Picoprobe, T-4-10-1mm). The probe can be positioned in a
millimeter-scale workspace with sub-nanometer resolution
with the STM unit actuated by a three-degree-of-freedom
piezo-tube, making it possible to select a specific CNT.
Physical contact can be made between the probe and the tip of
a nanotube. Applying a voltage between the probe and the
sample holder establishes an electrical circuit through a CNT
and injects thermal energy into the system via Joule heating.
By increasing the applied voltage, the local temperature can
be increased past the melting point of the copper encapsulated
in a tube. The process is recorded by TEM images and
real-time video.

III. CONTROLLED MELTING AND DELIVERY

Figure 3 shows TEM images of melting and flowing
copper inside the carbon shells of a Cu-filled CNT. The tip of
a Cu-filled CNT is first brought into contact with the tungsten
probe (Fig. 3a). Then a bias voltage is applied on the two ends
of the CNT with the tungsten probe serving as the anode. The
voltage is slowly increased from 0 mV with 100 mV steps.
When the voltage reaches 1500 mV, a vacant section inside
the carbon shells appears, indicating that the copper has
begun melting (Fig. 3b). Transportation of the copper to the
probe-tip contact moves the vacant section to the root of the
first bamboo section of the Cu-filled CNT (Fig. 3¢). After the
vacant section reaches the root, the copper core starts to flow
to the tip of the CNT when bias is increased to 2500 mV.
After all the copper flows out, the probe is moved away from
the CNT while keeping the bias on (Fig. 3d). A sphere is
visible on the tip of the CNT (see inset for a high
magnification image) suggesting the formation is related to a
melting process. Applying an image processing routine to the
data from these experiments, we calculate that the Cu-filled
section has an external diameter of approximately 52 nm at
the root and 30 nm near the tip, whereas the original Cu core
has a diameter of about 39 nm and 22 nm and a length of 874
nm. The diameter of the copper sphere is 49 nm. Therefore,
we determine the mass of the original copper core is
approximately 6 fg (femtograms) and the resulting sphere is
0.5 fg according to the density of copper (8.92 g cm™). We
deduce that the missing mass (91%) diffused onto the
tungsten probe.
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Fig. 3. TEM images of melting and flowing of copper inside carbon
shells. (a) A Cu-filled CNT is brought into contact with a tungsten probe.
(b and c) Under a 1.5 V bias, a vacant section appeared and moved to the
root of the first bamboo section of the Cu-filled CNT showing the melting
occurred. After then the copper starts to flow to the tip of the CNT under a
2.5 V bias. (d) After all the copper flows out, the probe is moved away
from the CNT. A sphere is visible on the tip of the CNT (see inset for a
high magnification image). The Cu-filled section has an external diameter
of ca. 52 nm at the root and ca. 30 nm near the tip, whereas the Cu core has
a diameter of ca. 39 nm and 22 nm, respectively. The diameter of the
copper sphere is ca. 49 nm. (e) Time-resolved TEM images from video
frames showing the melting process. The first vacant section (Fig. 3b)
formed at 48 sec., and the second one (Fig. 3c) at 86 sec. The vacant
section then moves to the bottom of the first bamboo section of the CNT.
Obvious melting occurred when the bias voltage reaches 1500 mV from 0
mV with 100 mV steps. (e) Current vs. voltage curves are obtained during
the process showing an obvious current drop at 1500 mV as melting
began, which we attribute to resistance increases of the tube due to the
increased temperature. It can also be seen that under -1500 mV, the
current is larger that under -1400 mV, which could be a result of the
decrease of the contact resistance between the nanotubes and the probe
due to the flowed out of copper. Inset of (f) shows the configuration of
1-V characterization.
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The entire process was recorded with real time TEM
imaging. Fig. 3e shows selected video frames of the melting
process. The first vacant section (Fig. 3b) formed at 48 sec.,
and the second one (Fig. 3c) at 86 sec. The vacant section
then moves to the bottom of the first bamboo section of the
CNT. Current vs. voltage curves were obtained (Fig. 3f)
during the process, showing an obvious current drop at 1500
mV as melting began, which we attribute to resistance
increases of the tube due to increased temperature. It can also
be seen that under -1500 mV, the current is larger than under
-1400 mV, which could be a result of the decrease of the
contact resistance between the nanotube and the probe due to
the copper flowing from the tube onto the probe. This
indicates that the originally closed caps of the CNTs are
opened by a thermally induced increase in internal tube
pressure.

The melting is due to Joule heating of the copper by the
transport current and electron beam bombardment by the
TEM. The irradiation of the electrons can cause the
temperature increase of the sample due to inelastic scattering,
but because of the low intensity of the beam and the short
time, electron beam bombardment is not the main
mechanism. Also, no melting or morphology changes of the
copper core have been observed before applying the bias
voltage, therefore, we attribute transportation current induced
Joule heating to be the main factor. The current can be readily
controlled by adjusting the external voltage, which makes this
approach easily applied in NEMS since the process does not
require involve a high energy beam source.

Figure 4a is a series of time-resolved TEM images taken
from video frames showing the flowing process. The copper
core started to flow inside the carbon shell from the bottom to
the tip of the first bamboo section as the bias voltage reaches
2.5 V. The entire process continued for about 70 seconds. The
flow rate was found to be 11.6 nm/s according to the change
of apparent length of the copper core (Fig. 4b). Accordingly,
we calculated the mass change as shown in Fig. 4b, and the
mass flow rate can be then be determined by fitting the data to
the curve 3x107/2-12x107¢+0.12 , yielding
approximately 120 ag/s, which is strikingly slow and well
controllable, allowing precise delivery of mass at attogram
scale for time-based control can readily reach sub-second
precision.

According to time-resolved current vs. voltage
characteristics under a constant positive bias of 2.5 V, the
current density under 2.5 V when flowing occurred is then
calculated according to the cross sectional area as
2.60-3.07x10° A/cm’. This is comparable to the observed
value for electromigration of iron in CNTs (ca. 7x10° A/cm®)
[23]. The difference can be a result of the lower binding
energy of copper to the carbon shells (0.1-0.144 eV/atom)
than that of irons to carbon shells (0.3 eV/atom) [25]. The
high current densities employed here will lead to resistive
heating. Temperatures as high as 2000 to 3000 °C have been
estimated according to the lattice spacing change in electric
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breakdown experiments on non-filled multiwalled nanotubes
(MWNTs) [26] at a slightly higher bias (3V) than those used
here. We then correlated the current density J and the mass
flow rate m as shown in Fig. 4c. The relation

m=0.3135J%-1.6206J +2.1373 suggests that a real
positive value of m (> 42.9 ag/s) can only be given when the
current density J surpasses 2.5847 x10° A/cm®. The existence
of this threshold also implies the mechanism of the observed
flowing is most possibly electromigration [23]. Under a
negative bias, i.e., when the tungsten probe serves as a
cathode, we observed flow in the opposite direction.

Other possible mechanisms for flow can be excluded.
Capillary force can induce filling/flowing, but the direction
should be opposite to the observed flow, i.e., from the tip to
the bottom of the carbon shells. Thermal expansion can
enable flow, but the flow should be isotropic heading towards
both the tip and the bottom. A recent investigation showed
that the irradiation of MWNTSs can cause a large pressure
buildup within the nanotube core that can plastically deform,
extrude, and break encapsulated solid material [27]. In our
experiments, however, no contraction of the carbon shells
was observed.

Figure 4d shows time-resolved resistance changes under 2.5
V as flowing occurred. The circuit resistance is composed of
five parts shown schematically in the inset of Fig. 4d, i.e., the
contact resistance between the copper tip and the probe R¢,
the resistance of the copper core Rc,, the resistance of the first
section of carbon shell without copper Rcnri, the resistance of
the other sections of the nanotubes Rcnto, and the contact
resistance between the CNT and the sample holder Rc,. Note
that the carbon shell with a copper core is in fact shortened by
the copper core. Hence, the measured resistance is
R=Rc + Ry, + Renyy + Reypa + Ry - At £ = 0 s, the first
section of the Cu-filled CNT has a copper core of 822.9 nm
according to the fit value shown in Fig. 3b, so the total
resistance will exclude the Rentis ie.,
R,_o =R¢i +Re, + Reyra + Rey . Similarly, at £ = 70.9 s,
the entire copper core flows out. In this case, the total
resistance will exclude Recy, ie.,
R,_70.0s = Ry + Ry + Reyra + Rey - According to the

value fit in Fig. 4d, R_;,,=5938kQ and
Ri_709s =73.94 kQ. The difference (14.75 kQ) equals the

resistance of the full length of the carbon shell in the first
section without copper and that of the full length copper core.
Because the resistivity of copper (1.57 X 10® Qm) is
sufficiently smaller than that of CNTs (on the order of 107
Qm) [28], it is reasonable to ignore the resistance of copper in
the difference. Hence, we can extract the resistance of the
carbon shells from the measured circuit resistance. The
increase of the resistance along with the time is mainly caused
by the shortening of the low resistant copper core and,
accordingly, the continuous exposure of the high resistant
carbon shells. The resistivity of the carbon shells can, thus, be
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Fig. 4. (a) Time-resolved TEM images from video frames showing the
flowing process. The copper core started to flow inside the carbon shells
from the root to the tip as the bias voltage reaches up to 2.5 V. The whole
process has continued for about 70 seconds. (b) The flow rate has been
found to be 11.6 nm/s according to the change of apparent length of the
copper core. The tungsten probe has been positively biased. The mass
flow rate can be then drawn out from the fitting curve as approximately
0.12 fg/s. (c) Relation between the current density J and the mass flow
rate 771 . (d) Time-resolved resistance changes under 2.5 volts as flowing
occurring. Inset shows the electric circuit model of the Cu-filled CNT.



worked out as 1.6 x10° Qm according to the resistance
(14.75 kQ) and the average cross area of the shell (91 nm?).
This is a value smaller than that of natural graphite (1.4 x 107
Qm) [29] and four point measurements of supported, unfilled,
MWNTs (9.0 x 10 Qm) [28], suggesting that multiple layers
have been involved in carrying the current because of the end
contact established between the CNT tip and the tungsten
probe. It should be noted that, though we used two-terminal
measurement, the resistance of the carbon shells originally
with copper inside has been successfully identified due to the
flowing of the copper, which provides a new method for
extracting the resistance of a component from a measured
circuit  resistance  without involving four-terminal
measurement. This is particularly useful for the investigation
of hetero-structures such as metal-filled CNTs provide when
they have sufficiently different resistivities and melting
points. It can also be found that the absolute value of the
current at 1.5 V is about one-order-of-magnitude larger than
that shown in Fig. 3f, which can be assigned to the
improvement of the contact resistance between the CNT-tip
and the tungsten probe due to the melted copper. Though we
have no way of measuring the actual temperature of the
nanotubes or the copper core, this process provides the
possibility for estimating the temperature according to the
resistivity change if we apply Matthissen’s rule on
temperature dependence of resistivity provided we know the
resistivity at a certain temperature. Unfortunately, the latter is
unknown. However, it has been noted that the temperature for
CNT growth from 100-nm scale Cu particles in our synthesis
(700 °C) is far lower than the melting point of bulk Cu (1083
°C) [24]. 1t is well known that the surface-to-volume ratio
with respect to a nano-sized particle can affect the melting
point. Though the exact reason for melting at such a low
temperature is not yet known, we have a rough estimation of
the melting point of the copper core, i.e., around 700 °C. This
is comparable to the in situ electron microscope observations
of the melting point of the encapsulated 2060 nm diameter
Cu nanocrystals in multilayer graphitic carbon spheres, which
was reported at 802 °C [30]. We also know according to the
experiment that the melting point of the carbon shells is much
higher than that of the copper core. This provides further
evidence of molten copper inside carbon shells.

IV. NANOROBOTIC SPOT WELDING

The application of such controlled transportation of the
copper core is then investigated. Self-soldering of CNTs with
copper encapsulated in a CNT is shown in Fig. 5. A
copper-filled tube, CNT}, is first attached to a tungsten probe
(Fig. 5a). A section of CNT; is then attached to and soldered
onto CNT, by the melted copper (Fig. 5b). Figures 5c-h are
video frames showing the soldering process. A copper-filled
tube, CNT}, is attached to a probe, and brought into contact
with another tube, CNT,. The probe has a -10 V bias. Figures
S5c-e show three different positions as the probe is
approaching CNT),. Figure 4f shows how contact has been
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made. The shape change of the copper suggested a melting
process has occurred. It has been found from the video frames
(25 fps) that the melting the copper happened in a very short
interval (< 70ms). With a higher bias (-15 V), CNT; is broken
(Fig. 5g) and its end section remains soldered to the tip of
CNT, (Fig. 5h).

Compared with the other interconnection processes
previously investigated, electrically driven spot welding has
several interesting aspects. (i) A very low current can induce
the melting and drive the flow; which is much more efficient
that irradiation-based techniques involving high energy
electron beams [7, 9, 27, 31, 32], FIB [8], or lasers [12].
Combined with dielectrophoretic assembly, it is possible to
solder the tubes onto electrodes for batch fabrication of
NEMS. (ii) The welding site can be readily selected using
nanorobotic manipulation, which enables 3D position and
orientation control for continuous mass delivery and will
potentially enable 3D prototyping and assembly. (iii) The
melting occurs rapidly (at least milli-second level); several
orders-in-magnitude faster than that using high-intensity
electron-beam or FIB, which is generally on the order of a

Fig. 5. Self-soldering of CNTs with copper encapsulated in a CNT. (a) A
copper-filled tube, CNT;, is attached to a tungsten probe. (b) A section of
CNT, is soldered onto CNT; by the melted copper. (c to h) Video frames
showing the soldering process. A copper-filled tube, CNT), is first
attached to a probe, and brought into contact with another tube, CNT,.
The probe (cathode) has a -10 V bias. (c-e) Three different positions as
the probe is approaching CNT,. (f) shows how contact has been made.
The shape change of the copper suggested a melting process has occurred.
With a higher bias (-15 V), CNT, is broken (g) and its end section remains
soldered to the tip of CNT; (h).
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minute [7-9, 27, 32]. (iv) Because both the rate and direction
of mass transport depends on the external electrical drive,
precise control of an ultra-small mass delivery is possible.
Time-based control will allow the delivery of attograms of
mass [33]. (v) Copper has good compatibility in the
conventional semiconductor industry. Our experiments show
that it will likewise play an important role for scaled down
systems. Carbon shells provide an effective barrier against
oxidation and consequently ensure a long-term stability of the
copper core, which also facilitates the conservation of the
material than conveying mass on the external surface of
nanotubes [33].

V. CONCLUSION

In summary, spot welding using single-crystalline-
copper-filled CNTs has been investigated experimentally
using nanorobotic manipulation inside a TEM. Controlled
melting and flowing of copper inside nanotube shells have
been realized by applying a bias voltage of as low as 1.5 and
2.5 V, respectively. The melting is a result of Joule heating,
whereas the flowing is caused by electromigration. The flow
rate of the copper has been found to be 11.6 nm/s under a 2.5
V bias using time-resolved TEM images, which is strikingly
slow and well controllable, allowing precise delivery of mass.
The mass flow rate has been determined to be 120 ag/s. A
successful demonstration of self-soldering a copper-filled
CNT onto another CNT shows promising for nano spot
welding.
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