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ABSTRACT

With the continuing development of bottom-up nanotechnology fabrication processes, spot welding can play a role similar to its macro counterpart

for the interconnection of nano building blocks for the assembly of nanoelectronics and nanoelectromechanical systems (NEMS). Spot welding

using single-crystalline copper-filled carbon nanotubes (CNTSs) is investigated experimentally using nanorobotic manipulation inside a transmi ssion
electron microscope (TEM). Controlled melting and flowing of copper inside nanotube shells are realized by applying bias voltages between

15 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 shows promise for nano spot

welding and thermal dip-pen lithography.

With its historic development tracing back to the Bronze Age, or ion beams, which significantly limits their applications.
welding serves modern industry in broad areas such asAnother interconnection approach is to use CNTs, with their
construction, manufacturing, and engineering. Spot welding, hollow cores and large aspect ratté43as possible conduits
a widely used resistance welding process, was originally for nanoscale amounts of various materials that can be used
developed by Elihu Thompson in the early 1960$e most to fuse CNTs together. A variety of materials have been
common application of spot welding is in the automobile encapsulated by CNTs such as metals and their compétméls,
industry, where it is widely used and most often performed water!2 and fullerened? and applications of devices such
automatically by preprogrammed industrial robots on as- as template&® thermometerd? and nano test tub&shave
sembly lines. With the continuing development of bottom- been presented. The possibility to delfleencapsulated
up nanotechnology fabrication processes, spot welding maymaterials from carbon shells is of great interest because of
likewise play an important role in interconnecting carbon potential applications as sources of small numbers of atoms
nanotubes (CNTS)nanowires; nanobelts,nanohelixes,and  for nanoprototyping, nanoassembly, and injection. Recently,
other nanomaterials and structures for the assembly ofnovel CNTs filled with single-crystalline Cu-nanoneedles
nanoelectronics and nanoelectromechanical systems (NEMS)have been synthesized by a thermal CVD method using
Van der Waals forceselectron-beam-induced deposition  alkali-modified copper catalystd Because copper is a good
(EBID),’ focused-ion-beam chemical vapor deposition (FIB- conductor of heat and electricity and has a very low binding
CVD),? high-intensity electron-beam weldifdoule-heating-  energy (0.10.144 eV/atom) when bound to carbon, encap-
induced joining'® and nanomechanochemical bondinare sulated copper inside nanotubes is ideal for many of these
experimentally demonstrated interconnection strategies, al-potential applications. Here we present an experimental
though all have limitations. Van der Waals forces are investigation of controlled melting and flowing of single-
generally very weak, Joule-heating-induced joiRthgnd crystalline copper from CNTs assisted by nanorobotic
nanomechanochemical bondth@re promising but not yet  manipulatiofi and its application in spot welding of nano-
mature, and the other methods involve high-energy electrontybes using this copper.
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fabricated in a TEM holdéf (Nanofactory Instruments AB,
ST-1000) serving as a manipulator, as shown in parts e and
f of Figure 1. The material consisting of a CNT bundle was
attached to a 0.35 mm thick Au wire using silver paint, and
the wire was held in the specimen holder. The probe was an
etched 10um thick tungsten wire with a tip radius of
approximately 100 nm (Picoprobe, 740-1 mm). The
probe can be positioned in a millimeter-scale workspace with
subnanometer resolution with the STM unit actuated by a
three-degree-of-freedom piezotul§enaking 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 was recorded by TEM images and real-time video.

Figure 2 shows transmission electron microscope (TEM)
images of melting and flowing copper inside the carbon shells
of a Cu-filled CNT. The tip of a Cu-filled CNT was first
brought into contact with the tungsten probe (Figure 2a).
Then a bias voltage was applied on the two ends of the CNT,
with the tungsten probe serving as the anode. The voltage
was slowly increased from 0 mV with 100 mV steps. When
Bl the voltage reached 1500 mV, a vacant section inside the

ple T

holder carbon shells appeared, indicating that the copper has begun

melting (Figure 2b). Transportation of the copper to the

probe-tip contact moved the vacant section to the root of

the first bamboo section of the Cu-filled CNT (Figure 2c).

\f/ After the vacant section reached the root, the copper core
started to flow to the tip of the CNT when bias was increased

Figure 1. (a—d) Copper-filled CNTs. (a) FESEM images of Cu-  tg 2500 mV. After all the copper flowed out, the probe was

filled CNTs. Observation shows that all the CNTs have sharp tips : ; : :
filled with metal nanoneedles. These CNTs are up pnblong, moved away from the CNT while keeping the bias on (Figure

with outer diameters in a range of-480 nm. (b) A typical copper- 2d). A sphere is visible on the tip of the CNT (see inset for

filled CNT synthesized for 30 min. (c) HRTEM image reveals that @ high magnification image), suggesting the formation is

the Cu nanoneedles are encapsulated in graphite walls approxirelated to a melting process. Applying an image processing
mﬁtﬁ'yé_ 6 nmthic'é'lTh? insetthis Egizc]orrespon_dinghSAl_ED aﬁttﬂt? routine to the data from these experiments, we calculated
of the Cu nanoneedle along the zone axis, showing that the . . -

Cu nanoneedle is single c?ystalline. The appearance ofga pair ofthat th_e Cu-filled section has an external diameter _Of
arcs in the SAED pattern indicates some orientation of the (002) @PProximately 52 nm at the root and 30 nm near the tip,

planes in the carbon tubes. (d) The magnified image of the whereas the original Cu core has a diameter of about 39 and
rectangular region in (c). The large arrows indicate the growth 22 nm and a length of 874 nm. The diameter of the copper
direction of the CNTs. The interlayer spacing of carbon nanotube sphere is 49 nm. Therefore, we determined the mass of the

is about 0.34 nm, consistent with the (002) plane lattice parameter _ . . . .
of graphite. It can also be seen that the graphite layers are notor'gmal copper core is approximately 6 fg (femtograms), and

parallel to the tube axis. (e,f) Nanorobotic manipulation system in the resulting sphere is 0.5 fg according to the .denSity of
a TEM. (e) ST1000 STM-TEM holder (Nanofactory Instruments copper (8.92 g cn¥). We deduce that the missing mass

AB). (f) Schematic setup. (91%) diffused onto the tungsten probe.

electron microscopy (FESEM, Sirion, FEI), TEM (JEM- The entire process was recorded with real-time TEM
2010, 200 kV), selected area electron diffraction (SAED), imaging. Figure 2e shows selected video frames of the
and high-resolution TEM (HRTEM). It can be seen from melting process. The first vacant section (Figure 2b) formed
these observations that the yield of the Cu-filled CNTs was at 48 s, and the second one (Figure 2c) at 86 s. The vacant
high. The CNTs were up to sm long with outer diameters  section then moved to the bottom of the first bamboo section
in a range of 46-80 nm. The single-crystalline Cu nano- of the CNT. Current vs voltage curves were obtained (Figure
needles were encapsulated in graphite walls approximately2f) during the process, showing an obvious current drop at
4—6 nm thick in the first sections of the bamboo-structured 1500 mV as melting began, which we attribute to resistance
CNTs. The graphite layers were not parallel to the tube axis. increases of the tube due to increased temperature. It can
Our experiments were performed in a CM30 TEM also be seen that underl500 mV the current was larger
equipped with a scanning tunneling microscope (STM) than that under-1400 mV, which could be a result of the
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decrease of the contact resistance between the nanotube and
the probe due to the copper flowing from the tube onto the
probe or improved tunneling through a nonideal contact.

The melting was 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 tem-
perature 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 mecha-
nism. 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, because the process
does not require a high energy beam source.

1325 144s 1565 Figure 3a 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
reached 2.5 V. The entire process continued for about 70 s.
The flow rate was found to be 11.6 nm/s according to the
change of apparent length of the copper core (Figure 3b).
Accordingly, we calculated the mass change as shown in

2500 : Figure 3c, and the mass flow rate can be then be determined

2000 - 4a00mv by fitting the data to the curve 8 10°%2 — 1.2 x 1073 +

1500+ ehomv 0.12, yielding approximately 120 ag/s, which is strikingly
= 1000 omy slow and well controllable, allowing precise delivery of mass
£ 500 at the attogram scale for time-based control that can readily

E -sog N reach subsecond precision.

3 1000 | Figure 3d shows time-resolved current vs voltage char-
1500 - acteristics under a constant positive bias of 2.5 V. The current
2000 - ; density under 2.5 V when flowing occurred was then
2500 - , e calculated according to the cross sectional area as—2.60

2000 1000 0 1000 2000 3.07 x 10f A/cm?. This is comparable to the observed value

for electromigration of iron in CNTs (ca. ¥ 10° A/cm?).2
The difference can be a result of the lower binding energy
Figure 2. TEM images of melting and flowing of copper inside  Of copper to the carbon shells (6:0.144 eV/atom) than that
carbon shells. (a) A Cu-filled CNT was brought into contact with  of iron to carbon shells (0.3 eV/ator?ﬂ_The high current
atungsten probe. (b,c) Under a 1.5 V bias, a vacant section appeare@jensities employed here will lead to resistive heating.

and moved to the root of the first bamboo section of the Cu-filled - GEBD00° ;
CNT, showing the melting occurred, after which the copper started Temperatures as high as 2 00°C have been estimated

to flow to the tip of the CNT under a 2.5 V bias. (d) After all the according tothe Iatti(?e spacin_g change in electric breakdown
copper flowed out, the probe was moved away from the CNT. A experiments on nonfilled multiwalled nanotubes (MWN¥s)
sphere is visible on the tip of the CNT (see inset for a high at a slightly higher bias (3 V) than those used here. We then
magnification image). The Cu-filled section has an external diameter -qrrelated the current densifyand the mass flow rate, as

of ca. 52 nm at the root and ca. 30 nm near the tip, whereas the Clshown in Figure 3e. The relatian = 0.31352 — 1.6208

core has a diameter of ca. 39 and 22 nm, respectively. The diameter .
of the copper sphere is ca. 49 nm. (e) Time-resolved TEM images T 2-1373 suggests that a real positive valueto{=42.9

from video frames showing the melting process. The first vacant ag/s) can only be given when the current dendiyrpasses
section (Figure 2b) formed at 48 s, and the second one (Figure 2¢)2.5847 x 10° A/cm2 The existence of this threshold also
at 86 s. The vacant section then moved to the bottom of the first implies the mechanism of the observed flowing is most

bamboo section of the CNT. Obvious melting occurred when the : : . . o
bias voltage reached 1500 mV from 0 mV with 100 mV steps. (€) possibly electromigratiof Under a negative bias, i.e., when

Current vs voltage curves were obtained during the process, showingih® tungsten probe served as a cathode, we observed flow
an obvious current drop at 1500 mV as melting began, which we in the opposite direction.
attribute to resistance increases of the tube due to the increased QOther possible mechanisms for flow can be excluded.

temperature. It can also be seen that, ureE500 mV, the current . . L . . .
is larger than that under1400 mV, which could be a result of the Capillary force can induce filling/flowing, but the direction

decrease of the contact resistance between the nanotubes and thehould be opposite to the observed flow, i.e., from the tip to
probe due to the flowed out of copper. Inset of (f) shows the the bottom of the carbon shells. Thermal expansion can

configuration of -V characterization. enable flow, but the flow should be isotropic, heading toward

Voltage [mV]
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Figure 3. (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 reached up to 2.5 V. The whole process was continued for about 70 s. (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. (c) The mass changes along the time. The mass flow rate can be then drawn out from the fitting curve as approximately 0.12 fg/s.
(d) Time-resolved current vs voltage characteristics under a constant bias of 2.5 V. The current density under 2.5 V as flowing occurred

is about 2.66-3.07 x 10° A/lcm?. (e) Correlation of the current densifyand the mass flow raten. (f) Time-resolved resistance changes

under 2.5 V as flowing occurring (taken from (c)). (g) Electric circuit model of the Cu-filled CNT.

both the tip and the bottom. A recent investigation showed Figure 3g, i.e., the contact resistance between the copper tip
that the irradiation of MWNTSs can cause a large pressure and the probeRc;, the resistance of the copper coRgy,
buildup within the nanotube core that can plastically deform, the resistance of the first section of carbon shell without

extrude, and break encapsulated solid matéfiah our copper,Rcni, the resistance of the other sections of the
experiments, however, no contraction of the carbon shells nanotubesRcnt2, and the contact resistance between the CNT
was observed. and the sample holdeRc,. Note that the carbon shell with

Figure 3f shows time-resolved resistance changes undera copper core is in fact shortened by the copper core. Hence,
2.5V as flowing occurred (taken from Figure 3d). The circuit the measured resistanceRs= Rc1 + Rey + Renti + Renrz
resistance is composed of five parts shown schematically in+ Rc,. Att = 0 s, the first section of the Cu-filled CNT had
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a copper core of 822.9 nm according to the fit value shown experiment that the melting point of the carbon shells is much
in Figure 3b, so the total resistance will exclude g1, higher than that of the copper core. This provides further
i.e.,R=0 = Rc1 + Rcu + Rentz + Rez. Similarly, att = 70.9 evidence of molten copper inside carbon shells.

s, the entire copper core flowed out. In this case, the total The application of such controlled transportation of the
resistance will exclud®c,, i.e., R=709s= Rc1 + Renti + copper core was then investigated. Self-soldering of CNTs
Rentz + Rez. According to the value fit in Figure 3R—os with copper encapsulated in a CNT is shown in Figure 4. A
= 59.38 K2 andRi=70.9s= 73.94 K2. The difference (14.75  copper-filled tube, CNT, was first attached to a tungsten
kQ) equals the resistance of the full length of the carbon probe (Figure 4a). A section of CNTvas then attached to
shell in the first section without copper and that of the full and soldered onto CNTby the melted copper (Figure 4b).
length copper core. Because the resistivity of copper (1.57 Parts e-h of Figure 4 are video frames showing the soldering
x 1078 Qm) is sufficiently smaller than that of CNTs (on  process. A copper-filled tube, CNTwas attached to a probe
the order of 106 @m)>2" it is reasonable to ignore the and brought into contact with another tube, GNThe probe
resistance of copper in the difference. Hence, we can extracthas a—10 V bias. Parts-€e of Figure 4 show three different
the resistance of the carbon shells from the measured circuitpositions as the probe was approaching GNahd Figure
resistance. The increase of the resistance along with time is4f shows how contact has been made. The shape change of
mainly caused by the shortening of the low resistant copper the copper suggests a melting process has occurred. It has
core and, accordingly, the continuous exposure of the highly been found from the video frames (25 fps) that the melting
resistant carbon shells. The resistivity of the carbon shells of the copper happened in a very short intervarQ ms).

can thus be worked out as 16107 Qm according to the ~ With a higher bias£15 V), CNT; was broken (Figure 4g)
resistance (14.75QR) and the average cross area of the shell and its end section remained soldered to the tip of €NT
(91 nn?). This is a value smaller than that of natural graphite (Figure 4h). Besides self-soldering, other applications can
(1.4 x 105 @m)?® and four-point measurements of sup- include soldering other objects (Figure 4i,j) and thermal dip-
ported, unfilled MWNTSs (9.0< 107 Qm),?” suggesting that  pen lithography (T-DPL) for wiring/structuring (Figure 4Kk).
multiple layers have been involved in carrying the current  Compared with the other interconnection processes previ-
because of the end contact established between the CNT tipusly investigated, electrically driven spot welding has
and the tungsten probe. It should be noted that, though weseveral interesting aspects: (i) A very low current can induce
used two-terminal measurement, the resistance of the carbonhe melting and drive the flow, which is much more efficient
shells originally with copper inside has been successfully than irradiation-based techniques involving high-energy
identified due to the flowing of the copper, which provides electron beam&?226:3031F|B 8 or laserst® Combined with

a new method for extracting the resistance of a componentdielectrophoretic assembly, it is possible to solder the tubes
from a measured circuit resistance without involving four- onto electrodes for batch fabrication of NEMS. (ii) The
terminal measurement. This is particularly useful for the welding site can be readily selected using nanorobotic
investigation of heterostructures such as those metal-filled manipulation, which enables 3D position and orientation
CNTs provide when they have sufficiently different resist- control for continuous mass delivery and will potentially
ivities and melting points. It can also be found that the enable 3D prototyping and assembly. (iii) The melting occurs
absolute value of the current at 1.5 V is about 1 order-of- rapidly (at least at the millisecond level), several orders-of-
magnitude larger than that shown in Figure 2f, which can magnitude faster than using high-intensity electron-beam or
be attributed to the improvement of the contact resistance FIB, which is generally on the order of a minuté:26-31(iv)
between the CNT-tip and the tungsten probe due to the Because both the rate and direction of mass transport depends
melted copper. Although we have no way of measuring the on the external electrical drive, precise control of an
actual temperature of the nanotubes or the copper core, thisultrasmall mass delivery is possible. Time-based control will
process provides the possibility for estimating the temperatureallow the delivery of attograms of ma¥s(v) Copper has
according to the resistivity change if we apply Matthissen's good compatibility in the conventional semiconductor in-
rule on temperature dependence of resistivity, provided thatdustry. Our experiments show that it will likewise play an
we know the resistivity at a certain temperature. Unfortu- important role for scaled down systems. Carbon shells
nately, the latter is unknown. However, it has been noted provide an effective barrier against oxidation and conse-
that the temperature for CNT growth from 100 nm scale Cu quently ensure a long-term stability of the copper core, which
particles in our synthesis (70TC) is far lower than the  also facilitates the conservation of the material than convey-
melting point of bulk Cu (1083C).2 It is well-known that ~ ing mass on the external surface of nanotues.

the surface-to-volume ratio with respect to a nanosized In summary, spot welding using single-crystalline-copper-
particle can affect the melting point. Although the exact filled CNTs has been investigated experimentally using
reason for melting at such a low temperature is not yet nanorobotic manipulation inside a TEM. Controlled melting
known, we have a rough estimation of the melting point of and flowing of copper inside nanotube shells have been
the copper core, i.e., around 700. This is comparable to  realized by applying a bias voltage of as low as 1.5 and 2.5
the in situ electron microscope observations of the melting V, respectively. The melting is a result of Joule heating,
point of the encapsulated 280 nm diameter Cu nano- whereas the flowing is caused by electromigration. The flow
crystals in multilayer graphitic carbon spheres, which was rate of the copper has been found to be 11.6 nm/s under a
reported at 802°C.2° We also know according to the 2.5 V bias using time-resolved TEM images, which is
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to be 120 ag/s. A successful demonstration of self-soldering
a copper-filled CNT onto another CNT shows promising for
nano spot welding and thermal dip-pen lithography.
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